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Instructions to Authors 


1. Prior Publication 


Submission of a manuscript to the Editors involves the tacit assurance that no 
similar paper, other than an abstract or preliminary report, has been, or will be 
submitted for publication. 


2. Form and Style of Manuscript 


Manuscripts should be typed with triple spacing throughout, and only the 
original copy should be submitted. Before being mailed to the Managing Editor, 
all errors in typing should be corrected, and the spelling of proper names and of 
words in foreign languages, the accuracy of direct quotations, and the correctness 
of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, or ambiguous statements must be avoided. As the Journal is 
read by chemists in foreign countries, technical neologisms and “laboratory slang”’ 
should not be used; when unavoidable, such terms should be defined. Variations 
from standard nomenclature and all arbitrary abbreviations should be explained. 
The forms of spelling and abbreviation used in current issues of the Journal should 
be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should be followed. Separate 
sheets should be used for the following: (a) title page, (6) bibliography, (c) foot- 
notes, (d) legends for figures, (e) tables, (f) other inserts. All, except the title 
page, should follow the text, and the sheets should be numbered consecutively with 
it. The title page should carry the title of the paper, the authorship, and the 
name of the institution or laboratory of origin. 


3. Title 


The title should be as short as is consistent with clarity; in most instances two 
printed lines are adequate to give a clear indication of the subject matter of the 
paper. The title should not include chemical formulas, but chemical symbols may 
be used to indicate the structure of isotopically labeled compounds. A running 
title should be provided (not to exceed 38 characters and spaces). 


4. Organization of Manuscript 


A desirable plan for the organization of a paper is the following: (a) introductory 
statement, (b) Experimental (or Methods), (c) Results, (d) Discussion, (e) Sum- 
mary, (f) Bibliography. The approximate location of the tables and figures in 
the text should be indicated. 

(a) The introduction should state the purpose of the investigation and its rela- 
tion to other work in the same field, but extensive reviews of the literature should 
not be given. A brief statement of the principal findings is helpful to the reader. 

(b) The description of the experimental procedures should be as brief as is com- 
patible with the possibility of repetition of the work. Published procedures, unless 
extensively modified, should be referred to only by citation in the bibliography. 
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(c) The results are normally presented in tables or charts and should be described 
with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained. 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications. 
References to “unpublished experiments,” “personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “‘in press.” It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experimental condition, such as the number of animals, dosage, concentration 
ot a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em- 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test of significance applied. 
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Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
quested to follow carefully the directions given below. In case of doubt, the 
Editorial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 8} by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, yet be provided with 
sufficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 
erees. 

All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 44 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
has type, should be employed (X, O, @, 0, @, A, A, @). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 
companied by an explanatory legend. 


8. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of 
changes, other than correction of printer’s errors, will be charged to authors. 
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9. Reprints 


Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 
to the order form submitted with the proof. All orders, including the purchase 
orders, must be sent to the Editorial Office of the Journal. The total number of 
reprints must be ordered when galley proof is returned to the Editorial Office. Re- 
prints are made at the time the Journal is printed and the type is destroyed at once. 
Therefore, additional reprints cannot be supplied after an issue of the Journal is 
printed except by a photo-offset method. The cost of such reproduction is many 
times greater than that of reprints printed from the original type. 
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THE THYROXINE-LIKE ACTIVITY OF SOME NEW 
THYROXINE ANALOGUES IN AMPHIBIA* 


By THOMAS C. BRUICE,f RICHARD J. WINZLER,t anp NORMAN 
KHARASCH 
(From the Departments of Biochemistry and Nutrition and of Chemistry, University of 
Southern California, Los Angeles, California) 


(Received for publication, January 29, 1954) 


A number of studies have partially defined the structural requirements 
for the biological activity of thyroxine and its analogues (1-4). In this 
paper further studies on a number of new thyroxine analogues are pre- 
sented. 


Methods 


Assay Method—In a portion of these experiments the procedure em- 
ployed for the assay of thyroxine-like activity involved the measurement of 
tail resorption of the larva of the bullfrog (Rana catesbiana). Solutions 
of thyroxine and of the compound to be tested were prepared, and the pH 
was adjusted to 8.0 to 8.5 by addition of potassium carbonate and hydro- 
chlorie acid. Groups of tadpoles, whose tail widths ranged from 1.2 to 2.0 
em. at the widest point, were fasted for 48 hours and were then placed 
in individual, shallow, transparent flat bottomed vessels containing 200 
ml. of the appropriate solution. Eight animals were used at each level of 
dosage, and a control group of eight others was employed in each deter- 
mination. The animals were placed in a large air thermostat, at constant 
temperature (24° or 30°) for 48 hours, and were then transferred to fresh 
tap water, also maintained at constant temperature. Zero time of the 
measurements was taken as the time at which the tadpoles were placed 
in the test solution. Changes of tap water were made every 48 hours there- 
after, and the width of the tail-fin at its widest point was measured every 
12 or 24 hours by means of a celluloid ruler held vertically at the side of 
the resting tadpole. The containers were removed from the thermostat 
for brief periods while the measurements were made. 

To our knowledge, the above testing method is a new application of the 
use of tadpoles for thyroxine assays. Fig. 1 illustrates the effect of thyrox- 

* We wish to express our appreciation to Eli Lilly and Company for a grant in 
support of this work. 

+ Predoctoral Fellow of the National Institutes of Health, United States Public 
Health Service. 

t Present address, Department of Biochemistry, University of Illinois College of 
Medicine, Chicago 12, Illinois. 
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ine on the Rana catesbiana tadpole, while Fig. 2 shows typical rate curves 
for L-thyroxine, wherein the average decrease in tail-fin width is plotted 
against time. Similar curves were obtained for each concentration of other 
thyroxine analogues assayed in this manner. In each case, following an 
initial preliminary change in tail-fin width during the first 24 to 48 hours, 











Fig. 1. Effect of u-thyroxine on the tadpole of Rana catesbiana. Above, normal, 
untreated tadpole; below, after treatment with 0.5 y per ml. of L-thyroxine for 120 
hours. The decrease in tail width is about 50 per cent; the appearance of fore and 
hind limbs is typical. The other fore limb is also present but does not show. 


the response becomes essentially linear. When the rate of tail resorption 
is corrected by subtracting the rate of decrease of the accompanying con- 
trol group, a rate value (V,) results. The latter is essentially constant 
for the particular compound at a given temperature and a given dose. 
From V,, dose-response curves (e.g. Fig. 3) were constructed for the ana- 
logue as well as for the comparison run with L- or pi-thyroxine, and the 
activity of the analogue was then obtained from plots such as Fig. 4. In 
the latter type of graph, the dose of the analogue is plotted versus the dose 
of L- or pL-thyroxine necessary to give the same biological response; 7.e., 
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the same value of V.. Alternatively, one may plot the response (V.) to 
the analogue against that of thyroxine at equal dose levels. 


on a weight basis. 























The slopes 
of the lines obtained in such plots (e.g., Fig. 4) gave the relative activities 
These were converted to a molar basis and multiplied 
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Fic. 2. Decrease of tail widths of bullfrog larvae with increasing doses of i-thy- 
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responses were obtained with the active analogues. 
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Fig. 3. Dose-response curves for tail resorption induced by u-thyroxine (O) and 
3,5-diiodo-4-(3’ , 5’-diiodo-4’-hydroxyphenoxy)-phenylpropionic acid (@). The ordi- 
nate (V.) indicates the per cent decrease per hour corrected for blank controls. 
Temperature, 30°. 

Fia. 4. Plot of dose of pi-thyroxine at 24° versus dose of 3,5-diiodo-4-(3’ ,5’- 
dimethyl-4’ -hydroxyphenoxy) -phenyl-pL-alanine required to give the same biological 
response as determined from the corresponding dose-response curves. 
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TaBLe [ 


Compound 


pL-Thyroxinet 


Lt-Thyroxinet 


3,5,3’-Triiodo-L-thyronine§ 


3,5-Diiodo-4-(3’ ,5’-dimethyl-4’ -hydroxyphen- 
oxy)-phenyl-t-alanine 


3,5-Diiodo-4-(3’ ,5’-dimethyl-4’-hydroxyphen- 
oxy) -phenyl-pt-alanine 


THYROXINE 


ANALOGUES 


Dosage 


¥ per ml. 
.25 
.25 
.30 
.50 
.50 
.50 
.00 
.00 
.00 
.00 
.07 
.10 
.20 
.40 
.60 
.00 
.03 
.03 
05 
10 
.20 


50 
.00 


Per cent 
decrease: Temp- 
per hr. | erature 


(Ve) 


c 


0.05 
0.04 
0.04 


0.09 


0.10 | 


0.15 
0.15 
0.47 
0.46 
0.01 
0.03 
0.08 
0.17 
0.25 
0.27 


| 0.09 


0.10 
0.14 
0.10 


| 0.35 
| 0.41 


0.54 


0.60 | 


C; 
24 


24 


30 


30 


24 


24 


by 100 to give the per cent thyroxine-like activity of the particular analogue. 
Table I, below, presents the pertinent data for the assays made in this 
manner. A statistical evaluation of the data was not made in the present 
study, since only eight animals were employed at each dose level. 


Activity of Thyroxine Analogues Determined by Rana catesbiana Tail-Fin Assay 


Activity* 


per cent 


100 


200 


840 


280 


160 
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TaBLeE I—Concluded 


Per cent 
Compound Dosage yy — Activity* 
(Ve) 
per ml. °C. per cent 
3,5-Dimethyl-4-(3’ ,5’-dimethyl-4’-hydroxy- | 0.10 0.00 | 30 2.7 
phenoxy) -aniline|| 0.20 0.01 
0.40 0.02 
0.60 0.03 
0.80 | 0.03 | 
1.50 | 0.04 | 
2.00 | 0.05 
1.00 0.04 | 
3,5-Dinitro-4-(3’ ,5’-dimethyl-4’-methoxy- 1.00 0.00 | 24 0.2 
phenoxy) -phenyl-.-alanine 5.00 | 0.02 | 
10.00 0.03 
25.00 0.00 0.0 
50.00 0.00 
3,5-Dinitro-4-(3’ ,5’-diiodo-4’-hydroxyphen- |10.00 0.10 | 24 1.2 
oxy)-cinnamie acid 
3,5,3’,5’-Tetranitro-L-thyronine{ 0.50- 5.00) 0.00 | 30 0.00 
2,4-Dinitrophenol** 0.50- 5.00) 0.00 30 0.00 
Ethy]-3,5-dinitro-N -acetyltyrosine|| 0.50- 5.00) 0.00 | 30 0.00 
2,6-Diiodo-4-nitrophenol ff 0.50-50.00) 0.00 30 0.00 
3,5,3’ ,5’-Tetraiododesaminothyronine§ 0.001 0.16 | 30 13,000 
0.003 0.36 
0.006 0.59 
0.007 0.54 
0.01 | 0.37 
0.01 0.43 
0.02 0.55 
0.03 0.55 
0.03 0.67 
0.05 0.57 
0.05 0.43 
0.10 0.55 
0.20 0.62 
0.30 0.51 


0.50 0.64 


* The per cent activity expressed relative to pL-thyroxine as standard = 100 per 
cent and is on a molar basis. 

+ Kindly made available by Hoffmann-La Roche, Inc., Nutley, New Jersey. 

t Provided through the courtesy of the Baxter Laboratories, Morton Grove, 
Illinois. 

§ This compound was sent to us by Dr. R. Pitt-Rivers, National Institute for 
Medical Research, Mill Hill, London. 

|| The syntheses of these compounds were carried out in this Laboratory and will 
be reported elsewhere. 

{ Provided by the courtesy of Dr. B. A. Hems of the Glaxo Laboratories, Ltd., 
Middlesex, England. 

** Product of the Eastman Kodak Company. 

tt Synthesized by the method of G. H. Woollett et al. (17). 
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ACTIVITY OF THYROXINE ANALOGUES 

The above testing procedure appears to have some distinct advantages 
over methods we have previously employed, as well as over procedures de- 
scribed in the literature. (a) Because of the length of the larval stages, 
the bullfrog tadpoles are available throughout the year. This is of de- 
cided advantage over the Bufo assays (3), since the latter are obtainable 
only during a few months each year. (b) The rate of decrease in tail 
widths of the larvae for any particular thyroxine concentration corrected 
for non-thyroxine controls (V,) is largely independent of the developmental 
stage of the tadpole. Thus, it is possible to assay compounds at different 
times and to plot the rate data on a single dose-response curve. (c) Con- 


TaBLeE IT 
Thyrozine-Like Activities of Analogues As Determined in Bufo Species* 
Compound paomaien She 
pL-Thyroxine | 100 
3,5-Diiodo-4-(4’-hydroxyphenoxy)-phenylpropionic acidt 80 
3,5-Diiodo-4-(3’ , 5’-diiodo-4’ -hydroxyphenoxy)-anilinef | 450 
3,5-Diiodo-4-(4’-methoxyphenoxy) -anilineft 12 
3,5-Diiodo-4-(4’-hydroxyphenoxy)-anilineft{ 16 
3,5-Diiodo-4-(3’ , 5’-diiodo-4’-hydroxyphenoxy)-benzoic acid§ 15 
3,5-Diiodo-4-(3’ , 5’-dibromo-4’-hydroxyphenoxy) -benzoic acid§ 8 
3,5-Diiodo-4-(3’ ,5’-dichloro-4-hydroxyphenoxy) -benzoic acid§ 1.4 
3,5-Diiodo-4-(4’-hydroxyphenoxy) -benzoic acid§ 0.6 
4-(3’ ,5’-Diiodo-4-methoxyphenoxy)-cinnamic acid§ 0.0 


3,5-Diiodo-4-hydroxybenzoic acid§ 0.1 





* Procedure described previously (3). 

{ Synthesized in this Laboratory by R. J. Winzler and E. Frieden. 
t Assayed in this Laboratory by S. R. Notrica. 

§ Synthesized and assayed in this Laboratory by E. Frieden. 


secutive measurements on the same group of tadpoles permit the detection 
of transient effects. (d) Minimal handling of the animals is required. 

Certain assays were carried out with larvae of Bufo species as described 
by Frieden and Winzler (3). The compounds tested were synthesized by 
procedures described in detail elsewhere (5) or were kindly provided by the 
Glaxo Laboratories or by Dr. Earl Frieden. 

Tables I and II summarize the data obtained in the present series of 
experiments; the results are given as per cent of pt-thyroxine activity on 
a molar basis. 


DISCUSSION 


From Table I, it is clear that the L-thyroxine used in these studies had 
twice the activity of pi-thyroxine, suggesting that only the L isomer was 
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active. There are variable reports in the literature on the relative activi- 
ties of L- and pi-thyroxine (6-10); the latest work by Deanesly and Parkes 
(11) is in general agreement with the observations reported here. | 

L-Triiodothyronine is much more active than thyroxine in stimulating 
tadpole metamorphosis and is about 8 times (840 per cent) as active as 
pL-thyroxine (Table I). This corresponds to the fact that triiodothy- 
ronine is also more active than thyroxine in higher animals (12, 13). 

A point of particular interest was the finding that substitution of methyl 
groups for iodine atoms in the 3’ ,5’ positions resulted in analogues having 
a biological activity somewhat greater than that of the corresponding 
iodinated compounds. Thus, 3 ,5-diiodo-3’ ,5’-dimethyl-pL-thyronine ex- 
hibited 160 per cent of the activity of pt-thyroxine, while the L isomer was 
about twice as active (280 per cent), again suggesting that activity is limited 
to the L isomers. This surprisingly high activity of the 3’ ,5’-dimethyl 
analogues of thyroxine has suggested to us some aspects of hypothesis 
relating structure to thyroxine-like activity (14). 

Another point of interest is the observation that 3,5,3’ ,5’-tetranitro- 
thyronine did not display a typical thyroxine-like effect in the present tests 
with Rana catesbiana tadpoles. The tetranitrothyronine caused a con- 
tinuous decrease in tail width as long as the compound was present in the 
range of 0.5 to 5.0 y per ml. (Fig. 5). However, when the larvae were 
transferred to tap water, tail resorption stopped. This effect is strikingly 
different from that with thyroxine-treated larvae, in which tail resorption 
continued after transfer to tap water. In larvae treated with 2 ,4-dinitro- 
phenol, 2,6-diiodo-4-nitrophenol, and ethyl 3,5-dinitro-N-acetyl-L-tyro- 
sinate the response was similar to that with the tetranitro analogue. 
It therefore appears to us that the tetranitro analogue does not have a 
typical thyroxine-like effect in our test, a point which certainly will warrant 
further detailed investigation, especially in view of the interesting results 
on this compound recently reported by Lipmann and Dutoit (15). 

3 ,5-Dinitro-4-(3’ ,5’-diiodo-4’-hydroxy)-cinnamic acid possessed definite 
thyroxine-like activity (about 1 per cent) and induced changes character- 
istic of normal metamorphosis. 3 ,5-Dinitro-4-(3’ ,5’-dimethyl-4’-meth- 
oxyphenoxy)-phenyl-t-alanine appeared to have low activity (about 0.2 
per cent) at low and moderately high concentrations (0.5 to 10 y per ml.), 
but was not active at higher dosages (25 to 50 y per ml.). 

The effect of variations of the side chain of thyroxine analogues is also 
extended by the data of Table I. Of particular interest is the discovery 
that the activity of the propionic acid analogue of thyroxine (3 ,5-diiodo- 
4-(3’ ,5’-diiodo-4’-hydroxyphenoxy)-phenylpropionic acid) was so high: 
about 130 times that of pi-thyroxine. Physical changes which are com- 
pletely characteristic of thyroxine-induced metamorphosis were produced. 
The dose-response curves for this analogue and for t-thyroxine are shown 
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in Fig. 2. The high activity (Table I) for this analogue is in agreement 
with that found for the corresponding 3’ ,5’-desiodo analogue (3 ,5-diiodo-4- 
(4’-hydroxyphenoxy)-phenylpropionic acid), which has an activity of 80 
per cent of pi-thyroxine and about 30 times the activity of 3 ,5-diiodo- 
pL-thyronine (16). 

The high activity (about 4.5 times that of pi-thyroxine) of the analogue 
of thyroxine in which an amino group replaces the alanine group (3,5- 
diiodo-4-(3’ ,5’-diiodo-4’-hydroxyphenoxy)-aniline) is also apparent in 
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Fic. 5. Comparison of the responses of bullfrog larvae to (Curve 1) 3,5,3’,5’- 
tetranitrothyronine at 1 y per ml. and (Curve 2) L-thyroxine at 0.1 y per ml. Tem- 
perature, 30°. 








Table II and is in accord with the report that the activity of 3 ,5-diiodo- 
4-(4’-hydroxyphenoxy)-aniline is much higher than that of 3,5-diiodo- 
thyronine (16). The analogue, 3 ,5-dimethyl-4-(3’ ,5’-dimethyl-4’-hydroxy- 
phenoxy)-aniline, exhibits an activity of about 2.7 per cent. This re- 
sult is of particular interest, in view of the lack of previous data on 
methyl-substituted analogues of thyroxine and of the fact that one might 
have predicted no activity whatever for this analogue, based on the sug- 
gestion of Lipmann and Dutoit (15) that electron-attracting substituents 
in the 3,5 and 3’ ,5’ positions are requisite for activity. A possible, general 
relation of the electron-releasing properties of the substituents at the 3,5 
and 3’,5’ positions versus thyroxine-like activity has been discussed else- 
where (14). 
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T. C. BRUICE, R. J. WINZLER, AND N. KHARASCH 


The activities of compounds in which different halogens are substituted 
for iodine are extended by the series of analogues presented in Table IT, in 
which the carboxy group replaces the alanine side chain of thyroxine. The 
relative activities of this series closely parallel the series in which the 
ionizable function is the alanine group. 

The suggestion of Gross and Pitt-Rivers (12) that the rate of conversion 
of thyroxine to triiodothyronine in vivo is the major factor in determining 
the varying levels of peripheral thyroxine activity in different species is 
also of particular interest, in view of the activities we have found for the 
analogues in which methyl and nitro substituents have been introduced 
in place of iodine. We would suggest that the activities of the latter sub- 
stances in Amphibia do not involve conversion to triiodothyronine, for 
it would be quite difficult to conceive of the occurrence of the requisite 
transformations involving methyl] or nitro substituents. 


SUMMARY 


Data on the thyroxine-like activities of twenty-two thyroxine analogues 
are presented. The effects of substituents as methyl or nitro, in place of 
iodine, as well as replacement of the alanyl group by other side chains, 
are noted. A new testing procedure, involving the bullfrog tadpole (Rana 
catesbiana) is described. 
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ON THE RELATIVE CONSTANCY OF THE FREE AMINO ACIDS 
OF LYMPHATIC TISSUES* 


By SAUL KIT anp JORGE AWAPARA 


(From The University of Texas, M. D. Anderson Hospital for Cancer Research, 
Protein Section, Houston, Texas) 


(Received for publication, February 23, 1954) 


The free amino acids are present in tissues of animals in the postabsorp- 
tive state at 3 to 9 times.their concentration in the blood (1). Aspartic 
acid, glutamic acid, glutamine, proline, alanine, glycine, taurine, and eth- 
anolamine phosphate contribute over two-thirds of the total free amino acid 
nitrogen of rat tissues (1-3). The pattern of these amino acids is, however, 
highly characteristic for each tissue (4). In a recent study of free amino 
acids of rodent lymphosarcomas and of the homologous normal tissues, 
patterns were found to be very similar for the tumors, but to differ from 
those of the homologous normal tissues (5). After an L-amino acid was 
administered intravenously to rats, the concentration of the injected amino 
acid rapidly rose in the tissues (6). In liver, some increases of related 
amino acids were also noted owing to transamination and other transfor- 
mations. However, the resting level was rapidly restored. 

Because of these observations, the interpretation was made that the free 
amino acid pattern of tissues reflects the enzymatic pattern of the tissue in 
question. To evaluate further the significance of the observed differences 
between the tumors and normal tissues, it was deemed of interest to ascer- 
tain the extent to which the normal pattern would be held constant in 
spite of altered physiological states. 

Rat thymus and spleen, tissues which had previously been compared with 
lymphosarcomas, were chosen for study of the effects of hyperplasia in 
normal tissues, of fasting, and of metabolic poisons. Bilateral adrenalec- 
tomies were performed on one group of rats, since thymus and spleen en- 
large after this operation. Secondly, animals which had been fasted for 16 
hours or 4 days were compared with controls. Thirdly, the effect of malon- 
ate or fluoroacetate poisoning was examined. The mechanism of action of 
these poisons is fairly well understood, and one may infer that they alter 
the enzymatic pattern of the cell by reducing the activity of certain en- 
zymes. Under these conditions, secondary changes of the free amino acid 


* With the technical assistance of Sue Curnutte. This work was supported by 
grants from the National Cancer Institute, National Institutes of Health, United 
States Public Health Service (No. C-1831), and from the American Cancer Society. 


11 








12 FREE AMINO ACIDS OF LYMPHATIC TISSUES 


pattern should occur. Such changes were in fact observed and are de- 
scribed below. 


Methods 


Amino acids were determined quantitatively by paper chromatography 
as previously described (5). All but four of the rats were females of the 
Wistar strain, ranging in weight from 138 to 228 gm. Two of the males 
were of the control group and two of the malonate group. No sex differ- 
ences were noted. Food was withdrawn from control and adrenalectom- 
ized animals 3 hours prior to sacrifice. Adrenalectomy was performed by 
the dorsal route 7 days before the experiment, and the animals were given 
salt water. Postmortem examination revealed no gross evidence of adrenal 
tissue. Animals in the fasted groups had water, but no food, for 16 hours 
or4days. The fluoroacetate-treated animals were fasted for 16 hours and 
then injected intraperitoneally with 1.6 mg. of fluoroacetate per kilo of body 
weight. 3 hours later, they were sacrificed. The malonate group was 
also fasted overnight and was injected subcutaneously at four loci with 0.6 
ml. of 2 mM malonate per 100 gm. (7). A second injection was made 1 hour 
later, and the animals were sacrificed 30 minutes thereafter. 


RESULTS AND DISCUSSION 


The data for the free amino acid concentrations of rat thymus are shown 
in Table I and for rat spleen in Table II. It will be noted that no signifi- 
cant changes were found after adrenalectomy. This is of interest, since 
these organs were definitely enlarged in the adrenalectomized group. Thus 
the average weights for the normal thymus and spleen were 146 and 423 
mg. per 100 gm. of rat weight, respectively, compared with 222 and 571 mg. 
per 100 gm. of adrenalectomized rat. It is to be noted that Dubreuil and 
Timiras (8) observed that in the rabbit thymus there were only question- 
able changes in sixteen amino acids following cortisone administration; 
glycine and proline, however, were diminished, whereas asparagine was 
significantly increased. By way of contrast, significant increases were 
noted in the amino acids of muscle and decreases in those of liver. Unpub- 
lished results from this laboratory also indicate that alanine-a-ketoglutaric 
and aspartic-a-ketoglutaric transaminases do not change in thymus or 
spleen after adrenalectomy or cortisone treatment. These results could 
be attributed to the fact that changes in the mass of normal lymphatic 
tissues are due to increases or decreases in cellular number. It is therefore 
necessary to conclude that the amino acid pattern of the hyperplastic nor- 
mal tissue does not change so as to resemble that of the neoplastic tissue. 

No significant changes were noted after 16 hours of fasting. After a 
4 day fast, the rats of Group III had lost an average of 43 gm. of body 
weight. Alanine and aspartic acid had decreased by 23 to 50 per cent in 
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TABLE [ 


Effect of Various Physiological States on Free Amino Acid Content of Rat 
Thymus 


The values are expressed as micromoles per gm. of wet weight of tissue + the 
standard error of the mean. The figures in parentheses represent the number of 
animals used. 





| Ethanol- 

Group No. Taurine Alanine Glutamine| Glycine | Glutamic | Aspartic amine 
phosphate 

I. Control (13) 7.5 2.6 1.9 2.5 Py 3.5 6.1 
+0.88 | +0.20 | +0.17 | +0.26 | +0.35 | +0.22 | +0.56 

II. Adrenalectomized 6.7 | 2.4 1.5 2.4 7.6 3.8 i 
(7) +0.54 | 40.28 | +0.15 | 40.35 | 40.17 | 40.45 | 40.50 
III. Fasted 4 days 7.3 | 1.3* 1.2*| 22 | 5.3*| 2.44] 6.5 
(7) +1.3 +0.20 | +0.18 | +0.37 | +0.53 | 40.32 | 40.87 

IV. Fasted 16 hrs. 6.2 a7 {| 324 2.8 7.9 | 3.6 6.1 
(6) +0.37 +0.19 | +0.10 | 40.23 | +0.25 | 40.08 | +0.19 

V. Malonate (9) 7.1 | 26 | 13f] 27 | 5.1%) 50 | 7.1 
+0.60 | +0.28 | +0.17 | +0.35 | 40.59 | 40.59 | 40.75 

VI. Fluoroacetate 5.4 | 1.6*] 1.5*| 2.0f| 4.6%] 2.8f| 5.2 

(10) +0.40 | +0.19 | +0.13 | +0.21 


| £0.41 | +0.27 | £0.37 








* ¢ test for significance, P < 0.01. 

7 t test for significance, P < 0.02. 

In testing for significance, Groups II, II], and IV were compared with Group I, 
and Groups V and VI with Group IV. Groups V and VI were fasted for 16 hours. 


TaBLe II 


Effect of Various Physiological States on Free Amino Acid Content of Rat 
Spleen 


The values are expressed as micromoles per gm. of wet weight of tissue + the 
standard error of the mean. The figures in parentheses represent the number of 
animals used. See Table I for explanation of other symbols. 





} } | | Ethanol- 

Grou; No. Taurine | Alanine |Glutamine|} Glycine | Glutamic | Aspartic amine 
| | phosphate 

I. Control (13) ° 90 | 1.6 | 15 | 20] 45 | 3.1 | 5.4 
+0.59 | +0.16 | 40.16 | +0.19 | 40.24 | 40.16 | +0.32 

II. Adrenalectomized| 8.2 | 1.5 | 1.2 | 1.9 40 | 3.3 | 5.8 
(7) +0.46 | +0.24 | 40.17 | 40.33 | 40.40 | 40.47 | +0.38 
III. Fasted 4 days 10.3 | 1.0¢| 1.1 1.7 4.8 | 2.4*!| 6.2 
(7) +0.61 | 40.15 | 40.15 | 40.20 | +0.46 | +0.18 | +0.48 
IV. Fasted 16 hrs. 8.2 2.2 1.5 2.5 5.0 2.8 5.5 
(6) +0.38 | +0.19 | 40.10 | 40.23 | +0.13 | +0.13 | +0.21 
V. Malonate (10) 11.3* 2.0 1.7 2.7 4.9 3.4 7.5* 
+0.66 | 40.17 | 0.10 | 40.30 | 40.40 | 40.24 | 40.52 

VI. Fluoroacetate (9) 9.2 1.6 1.1 2.3 9° i 3.2 5.8 


£0.85 | £0.24 | 40.12 | +£0.34 | £0.31 | 40.25 
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thymus and spleen, and glutamic acid and glutamine by 31 and 37 per cent 
in thymus. Other amino acids were not significantly affected. The de- 
creases of these amino acids would appear to be secondary changes related 
to the depletion of carbohydrate and fat stores in the animal. Schurr and 
associates (9) studied the effect of fasting on twelve tissue amino acids, in- 
cluding the essential acids. The amino acids comprise about 24 per cent of 
the a-amino nitrogen of spleen. Moderate losses of free proline from rat 
spleen after 12 hours of fasting and of proline, lysine, and threonine after 
a 5 day fast (3) were observed, but the other amino acids were changed but 
little. 

Glutamic acid, glutamine, and aspartic acid were significantly reduced in 
thymus, and glutamic acid was reduced by 42 per cent in spleen 3 hours 
after a non-lethal dose of fluoroacetate. Losses of glutamine and of glu- 
tamic and aspartic acids were noted by Awapara (10) in liver, kidney, and 
heart and by Dawson (11) in brain. The former observed an increase of 
serine in heart and the latter an increase of alanine in brain. In all prob- 
ability, the accumulation of fluorocitrate, which inhibits the utilization of 
citrate (12), is the primary metabolic disturbance induced by this poison, 
Under these circumstances, the dicarboxylic amino acids contribute their 
carbon skeletons to the intermediates of the Krebs tricarboxylic acid cycle. 
In brain, the amino groups from the dicarboxylic aminoacids may be trans- 
ferred by transamination to alanine; in other extrahepatic tissues, the fate 
of the a-amino groups is less clear. That no increase of alanine occurred 
in spleen or thymus is not surprising, since the glutamic-pyruvic and as- 
partic-pyruvic transaminases are weak in these tissues (5). 

It is also necessary to note that the other amino acids were somewhat 
reduced in thymus. It is known that respiratory processes are essential 
for the maintenance of amino acid concentration gradients within cells (13). 
It therefore seems likely that the observed losses may partially depend 
upon the inhibition of respiration attendant upon fluoroacetate poisoning. 

Malonic acid inhibits succinic dehydrogenase and a-ketoglutaric oxidase 
(14). 90 minutes after poisoning in vivo, there were significant losses of 
glutamic acid and glutamine from thymus, but an increase of 39 per cent 
in aspartic acid. Dawson observed (11) analogous changes after insulin 
hypoglycemia in brain. It would seem that, in this case, aspartic acid acts 
as a@ primary nitrogen acceptor from glutamic acid by transamination. 
The carbon chains of the glutamine and glutamic acid may then form ad- 
ditional succinate, and hence the metabolic block may be overcome. 

The results clearly show that the free amino acids of thymus and spleen 
are maintained within narrow limits, even in the face of drastic physiological 
changes. They do not change after adrenalectomy and only undergo mod- 
erate changes in certain instances after prolonged fasting. However, gen- 
eral losses may occur if there is interference with the capacity of the cell to 
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concentrate amino acids, or specific losses if the metabolism of the cell is 
altered in a particular manner by metabolic poisons. In the latter case, 
the amino acid changes are explicable on the basis of our knowledge of the 
mechanism of action of the poisons. This investigation has only been con- 
cerned with a few amino acids and few experimental variations. Additional 
studies to encompass other metabolic states should prove of interest. The 
results do, however, add significance to the fact that the free amino acid 
pattern of lymphosarcomas differs markedly from that of normal lymphatic 
tissues. 
SUMMARY 


Free amino acid concentrations of rat thymus and spleen have been stud- 
ied after adrenalectomy, after 16 hours or 4 days of fasting, and after 
malonate or fluoroacetate poisoning. Changes after adrenalectomy or 16 
hours of fasting were not significant. After prolonged fasting, however, 
there were losses of aspartic acid, glutamic acid, glutamine, and alanine 
from thymus, and of alanine and aspartic acid from spleen. 90 minutes 
after malonate poisoning, thymus glutamic acid and glutamine were re- 
duced, but aspartic acid was increased. 3 hours after non-lethal fluoroac- 
etate poisoning, all the thymus amino acids which were studied were re- 
duced, as was also the glutamic acid of spleen. 

The results show that the free amino acids of these tissues are regulated 
within narrow limits, but may be reduced when the animal is subjected to 
prolonged fasting or to a condition in which the given enzymatic pattern of 
the tissue is altered, as after malonate or fluoroacetate poisoning. The 
results add significance to the earlier observations that the free amino acid 
pattern of normal lymphatic tissues differs markedly from that of certain 
lymphosarcomas. 
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STUDIES ON THE MECHANISM AND SPECIFICITY OF THE 
GLUTAMINE-a-KETO ACID TRANSAMINATION- 
DEAMIDATION REACTION 


By ALTON MEISTER 


(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, March 3, 1954) 


In previous reports (1, 2) the following transamination reaction, cata- 
lyzed by a purified rat liver preparation, was described: 


(1) Glutamine + a-keto acid — a-amino acid + a-ketoglutaric acid + NH; 


Glutamine was not deamidated in the absence of an a-keto acid, and sub- 
stitution of glutamine by glutamate resulted in a marked decrease or loss 
of transamination with most of the a-keto acids studied. The evidence 
indicated that deamidation did not precede transamination, suggesting the 
possibility that the a-keto analogue of glutamine (a-ketoglutaramic acid) 
might be an intermediate in the reaction. The finding that a-ketoglutara- 
mate was deamidated to a-ketoglutarate by the enzyme preparation which 
catalyzed Reaction 1 was compatible with this hypothesis (3). 

In an attempt to gain further information concerning the mechanism of 
the reaction, a number of glutamine analogues and related compounds, 
including a-methylglutamine, y-methylglutamine,' homoglutamine, and 
several a-keto acids, were prepared and studied. It has now been found 
that y-methylglutamine is appreciably active in transamination in this sys- 
tem, but that, in contrast to glutamine, no ammonia is formed. Further- 
more, it has also been found that the a-keto analogue of y-methylglutamine 
(a-keto-y-methylglutaramic acid) is not deamidated by the enzyme prepa- 
ration. This advantageous difference between the specificities of the trans- 
aminase and the amidase system has made possible the demonstration of 
a-keto-y-methylglutaramic acid as a product of y-methylglutamine-a-keto 
acid transamination. The evidence which has accumulated strongly sug- 
gests that Reaction 1 occurs by a two-step mechanism in which a-keto- 
glutaramiec acid is an intermediate. 


‘In this paper, y-methylglutamic acid and y-methylglutamine refer to 2-amino- 
4-methylglutaric and 2-amino-4-methylglutaramic acids, respectively. The term 
y-ethylglutamate (as well as y-methylglutamate) has been used by some authors 
for the corresponding w-ester, which will be designated here as glutamic acid-y- 
ethyl ester. 
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GLUTAMINE-@-KETO ACID REACTION 


EXPERIMENTAL 


Materials and Methods 


Enzyme Preparations—The lyophilized glutamine transaminase-deami- 
dase preparation (2) and the purified a-keto acid-w-amidase preparation 
(3) used in earlier studies were employed. 

L-a-Aminoadipamic Acid (ut-Homoglutamine)—25 gm. of DL-a-amino- 
adipic acid (4) were suspended in 500 ml. of ethanol, and the mixture was 
saturated with dry hydrogen chloride gas. After standing at room temper- 
ature for 1 hour, the clear solution was evaporated in vacuo to a syrup, 
which was dissolved in 100 ml. of water. The amino acid diester was con- 
verted to the carbobenzoxy derivative (5), which was obtained as a color- 
less syrup. The carbobenzoxy-DL-a-aminoadipic diethyl ester was dis- 
solved in 500 ml. of methanol and the solution was saturated with ammonia 
gas at 0°. After standing at room temperature for 6 days, the solution was 
evaporated in vacuo to a colorless oil, which readily crystallized on cooling. 
After recrystallization from acetone-petroleum ether, 23 gm. (51 per cent) 
of carbobenzoxy-DL-a-aminoadipic acid diamide were obtained; m.p. 189°. 
Calculated for CyHigO4N;3; C 57.3, H 6.5, N 14.3; found, C 57.0, H 6.5, 
N 14.1 per cent. 

8 gm. of papain (Nutritional Biochemicals Corporation) and 1 gm. of 
L-cysteine hydrochloride were dissolved in 400 ml. of water. After adjust- 
ment to pH 5 by addition of 2 N sodium hydroxide, the solution was filtered 
through glass wool and used immediately. 20 gm. of carbobenzoxy-DL-a- 
aminoadipic acid diamide were suspended in 300 ml. of the papain solution 
and incubated at 37° for 46 hours, at which time 46 per cent of the a-amide 
N was hydrolyzed.* The insoluble carbobenzoxy-D-a-aminoadipic acid di- 
amide was removed by filtration, and the solution was evaporated in vacuo 
to dryness. The residue was extracted five times with 200 ml. portions of 
methanol, and the methanol extracts were combined, acidified to Congo red 
paper with hydrochloric acid, and evaporated to dryness. The crude prod- 
uct was recrystallized once from ethyl acetate and twice from ethanol, 
yielding 7 gm. (70 per cent based on the L form) of carbobenzoxy-L-a-amino- 
adipamic acid; m.p. 163°. Calculated for C144HisO;N2, C 57.1, H 6.2, N 9.5; 
found, C 56.8, H 6.2, N 9.7 per cent. 


2 The microanalyses were performed by Mr. Robert J. Koegel and Dr. William C. 
Alford. 

3’ The course of the reaction was followed by determinations of ammonia. When 
the papain solution was incubated without substrate for longer than 1 day, consider- 
able ammonia formation was observed; it was therefore difficult to be certain as to 
whether the reaction ceased when exactly one-half of the a-amide was hydrolyzed. 
The possibility that small amounts of the p isomer were hydrolyzed cannot be ex- 
cluded. 
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2 gm. of the carbobenzoxy compound were dissolved in 200 ml. of meth- 
anol containing 0.2 ml. of glacial acetic acid and hydrogenated with palla- 
dium catalyst. After crystallization from water-ethanol, 0.93 gm. (85 per 
cent) of L-e-aminoadipamic acid was obtained. Calculated for CsH»O3;No, 
C 45.0, H 7.6, N 17.5; found, C 44.7, H 7.6, N 17.4 per cent. [a]? +2.6° 
(5.47 per cent in water); [a]? +21.0° (1.71 per cent in 1 N hydrochloric 
acid). 

The determinations of optical rotation which were carried out in hydro- 
chloric acid were completed within 10 or 15 minutes of the time of prepara- 
tion of the solution; less than 1 per cent hydrolysis occurred under these 
conditions. The specific optical rotations at 20° for L- and p-glutamine 
in 1.00 n hydrochloric acid were +31.8° (1.31 per cent) and —31.6° (1.36 
per cent), respectively. The corresponding values in water were +6.3° 
(4.14 per cent) and —6.4° (3.44 per cent). The latter values are in close 
agreement with those reported by Fruton (5) for natural and synthetic 
samples of L-glutamine. 

Acid Hydrolysis of L-a-Aminoadipamic Acid—aA solution of 0.5 gm. of 
L-a-aminoadipamic acid in 20 ml. of n hydrochloric acid was boiled under 
reflux for 1 hour. After evaporation in vacuo to dryness, the residue was 
dissolved in 10 ml. of water, the pH was adjusted to 3.2 with pyridine, and 
the solution placed at 5° for 16 hours. The crystalline precipitate was re- 
crystallized from hot water, yielding 368 mg. (73 per cent) of L-a-amino- 
adipic acid. Calculated, N 8.7; found, 8.8 per cent. [a] +24.7° (2.29 
per cent in 5 N hydrochloric acid). 

L- and D-a-Aminoadipic Acid—The isomers were prepared by enzymatic 
resolution (6)* of pL-a-aminoadipic acid (4). [a] (2 per cent in 5 N hy- 
drochloric acid) for the L and p forms, respectively, was +25.0° and —25.0° 
(+25.0°, —25.0° (6)). 

L-a-Aminoadipic Acid-5-Ethyl Ester—2 gm. of L-a-aminoadipic acid were 
dissolved in 20 ml. of ethanol containing 2 gm. of dry hydrogen chloride. 
The solution was cooled in ice and sufficient triethylamine was added to 
neutralize the acid. After standing at 5° for 16 hours, the crystalline ester 
was filtered and recrystallized from water-ethanol; yield 1.8 gm. (77 per 
cent). Calculated for CsH,,O.N, C 50.8, H 8.0, N 7.4; found, C 50.7, H 
8.1, N 7.6 per cent. The product was homogeneous on paper chromatog- 
raphy in five different solvent systems, contained no a-aminoadipic acid, 
and was quantitatively oxidized by the L-amino acid oxidase of rattlesnake 
venom. 

D-a-Aminoadipamic Acid (p-Homoglutamine)—5 gm. of D-a-aminoadipic 
acid were dissolved in 50 ml. of ethanol containing 5 gm. of hydrogen chlo- 


‘The author is indebted to Dr. Sanford M. Birnbaum for the acylase I prepara- 
tion used for the resolution. 
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ride, and the solution was evaporated in vacuo to dryness. The residue 
was taken up in 50 ml. of water and neutralized by addition of solid sodium 
bicarbonate. 24 gm. of sodium bicarbonate and 22 gm. of carbobenzoxy- 
chloride were added in three equal portions with vigorous mechanical stir- 
ring at 0°. Stirring was continued for 1 hour, after which the solution was 
extracted twice with 100 ml. of ether. The aqueous layer was acidified 
with hydrochloric acid and extracted six times with 100 ml. of ether. The 
ether extracts were combined, dried over sodium sulfate, and evaporated. 
The residue (1.5 gm.) was dissolved in 50 ml. of 28 per cent aqueous am- 
monia and allowed to stand at room temperature for 18 hours. After 
evaporation in vacuo to dryness, the residue was dissolved in 50 ml. of 
methanol containing 0.5 ml. of glacial acetic acid and was hydrogenated 
with palladium catalyst. The product contained about 5 per cent of an 
impurity which appeared to be a-aminoadipic acid as determined by paper 
chromatography. This was removed by chromatography on Amberlite 
XE-64, as described below. The yield of pure material was 0.45 gm. (9 
per cent). Calculated for CsH12O3Ne, C 45.0, H 7.6, N 17.5; found, C 
45.2, H 7.8, N 17.7 per cent. [a]?? —2.7° (6.38 per cent in water); [a]? 
—21.4° (1.75 per cent in 1 N hydrochloric acid). The product was at least 
99.5 per cent optically pure, as determined by means of rattlesnake L-amino 
acid oxidase (7). The values of optical rotation for L-a-aminoadipamic acid 
are nearly equal in magnitude to those obtained for the p isomer, which 
was prepared from optically pure D-a-aminoadipic acid. This observation 
and the finding that acid hydrolysis of the L-a-aminoadipamic acid prepara- 
tion yielded a-aminoadipic acid, whose rotation was almost identical with 
that of optically pure L-a-aminoadipic acid, suggest that the L isomer ob- 
tained by the papain procedure represents a product of relatively high 
optical purity. 

Sodium a-Ketoadipamate—This keto acid was prepared by enzymatic 
oxidation of 2.043 gm. of L-a-aminoadipamic acid with 950 mg. of Crotalus 
adamanteus venom, according to the general procedure for the preparation 
of a-keto acids previously described (8). The oxidation was carried out 
in a volume of 40 ml. and was complete in 24 hours. The yield of keto acid, 
obtained as the sodium salt, was 1.8 gm. (77 per cent).® Calculated, for 


5 The low yield is apparently due to failure of the carbobenzoxylation reaction to 
proceed beyond about 20 per cent of theory. Shaking at 5° for 24 hours with an 8-fold 
excess of reagent (with magnesium oxide or sodium bicarbonate) did not improve the 
yield. On the other hand, we have invariably obtained carbobenzoxy-L-glutamic 
acid-y-ethyl ester in 50 to 75 per cent yield, using the procedure described in the text. 

6 Addition of 2,4-dinitrophenylhydrazine (1 per cent in 2 N hydrochloric acid) to 
a solution of the keto acid resulted in an immediate crystalline precipitate. On the 
basis of nitrogen analysis and paper chromatographic study, these preparations con- 
tained between 10 and 20 per cent of the hydrazone of the corresponding a-ketodicar- 
boxylie acid, formed by hydrolysis during preparation of the derivative. 
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CeHsO.NNa, C 39.8, H 4.5, N 7.7, Na 12.7; found, C 40.2, H 4.6, N 7.5, 
Na 12.5 per cent. After refluxing the keto acid in 2 n hydrochloric acid for 
1 hour, stoichiometric quantities of ammonia were obtained, and a-keto- 
adipic acid was isolated from the hydrolysate as the 2 ,4-dinitrophenylhy- 
drazone. After recrystallization from hot water, the melting point was 
208°, and a mixed melting point with an authentic sample of the hydrazone, 
prepared from a-ketoadipic acid synthesized according to Gault (9), showed 
no depression. 

pL-Piperidonecarboxylic Acid—4 gm. of DL-a-aminoadipic acid were dis- 
solved in 100 ml. of water and refluxed for 3 hours. The product was sep- 
arated from unchanged amino acid and crystallized as described for the 
D isomer (6). The yield of pi-piperidonecarboxylic acid was 2.2 gm., rep- 
resenting a yield of 82 per cent, since 1 gm. of DL-a-aminoadipic acid was 
recovered. Calculated for CsHyO;N, C 50.3, H 6.3, N 9.8; found, C 50.0, 
H 6.5, N 9.8 per cent. 

DL-a-A mino-5-N-methyladipamic Acid—2 gm. of pt-piperidonecarboxylic 
acid were dissolved in 100 ml. of 30 per cent aqueous methylamine, and 
the solution was placed in a pressure bottle at 37° for 6 days. The product 
was obtained by evaporation of the solution, followed by crystallization 
from water-ethanol; yield 1.5 gm. (62 per cent). Calculated, for C7H40;N2, 
C 48.5, H 8.1, N 16.1; found, C 48.0, H 8.0, N 16.0 per cent. 

Barium a-Keto-N-methyladipamate—Oxidation of 2.162 gm. of pDL-a- 
amino-5-N-methyladipamic acid was carried out in a volume of 40 ml. with 
1 gm. of C. adamanteus venom; the reaction was complete in 27 hours. The 
keto acid was isolated as described (8), yielding 2 gm. of the barium salt 
(67 per cent). Calculated for C7H:OsNBa;, C 34.9, H 4.2, N 5.8, Ba 28.6; 
found, C 34.8, H 4.5, N 5.7, Ba 28.3 per cent. 

L-y-Glutamyldimethylamide—4 gm. of carbobenzoxy-.-y-glutamylhydra- 
zide were converted to the azide in chloroform (10) and added to 1.8 gm. 
of anhydrous dimethylamine in 100 ml. of chloroform. After standing at 
room temperature for 18 hours, the chloroform solution was washed succes- 
sively with n hydrochloric acid and water, dried over sodium sulfate, and 
evaporated to a colorless oil. This was dissolved in 100 ml. of methanol 
containing 0.2 ml. of glacial acetic acid, and hydrogenated with palladium 
catalyst. ‘The product was crystallized from water-ethanol; yield 0.71 gm. 
(30 per cent based on the hydrazide). Calculated for C7HyO3Ne, C 48.5, 
H 8.1, N 16.1; found, C 48.0, H 8.1, N 16.3 per cent. 

Barium a-Keto-N-dimethylglutaramate—This compound was prepared by 
oxidation of 1.357 gm. of L-y-glutamyldimethylamide with 1 gm. of venom 
in a volume of 24 ml. The oxidation (8) was complete in 9 hours; the 
yield of barium salt was 1 gm. (53 per cent).* Calculated for C7H;O,NBay, 
C 34.9, H 4.2, N 5.8, Ba 28.5; found, C 35.1, H 4.6, N 5.7, Ba 28.8 per cent. 
dl-y-Methyl-pi-glutamic Acid—This was obtained by condensation of 
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methyl methacrylate and diethyl acetamidomalonate, as described by Done 
and Fowden (11). The amino acid was isolated from the acid hydrolysate 
of the condensation product as follows. After repeated evaporation in 
vacuo to remove excess hydrochloric acid, the residue was taken up in water 
and adjusted to pH 3.2 with saturated lithium hydroxide. Several volumes 
of ethanol were added and the free amino acid was crystallized on cooling 
in ice. After recrystallization from water-acetone, the product was ob- 
tained in 69 per cent yield (based on diethyl acetamidomalonate). Cal- 
culated for CeHi104N, C 44.7, H 6.9, N 8.7; found, C 44.6, H 6.9, N 8.5 
per cent. It is probable that the product represents a mixture of four 
stereoisomers. 

dl-y- Methyl-u-glutamine—Carbobenzoxy -dl-y-methyl-pi-glutamic acid 
diamide was prepared from the residue obtained by evaporation of the 
hydrolyzed condensation product, as described above for the correspond- 
ing a-aminoadipic acid derivative and recrystallized from ethanol; yield 80 
per cent; m.p. 190-198°. Calculated for CyyHigOuNs, C 57.3, H 6.5, N 
14.3; found, C 57.1, H 6.2, N 14.1 per cent. 25 gm. of the diamide were 
suspended in 300 ml. of papain solution, prepared as described above, at 
pH 5, and incubated for 24 hours, at which time 50 per cent of the a-amide 
N was hydrolyzed.* The insoluble carbobenzoxy-dl-y-methyl-p-glutamic 
acid diamide was removed by filtration, and the solution was worked up 
as described for the corresponding a-aminoadipic acid derivative. The 
carbobenzoxy-dl-y-methy]-L-glutamine was obtained as a thick syrup, which 
was hydrogenated in methanol-water with palladium catalyst. After 
crystallization from water-ethanol, 3.9 gm. (57 per cent, based on the 1 
diamide) of dl-y-methyl-L-glutamine were obtained. Calculated for 
CeHw03N2, C 45.0, H 7.5, N 17.6; found, C 44.8, H 7.4, N 17.4 per cent. 
[a]? + 30.6° (1.27 per cent in 1 N hydrochloric acid; the determination was 
carried out within 10 minutes of preparation of the solution). 

0.4 gm. of the y-methylglutamine preparation was dissolved in 10 ml. of 
2 N hydrochloric acid and refluxed for 1 hour. The y-methylglutamic acid 
was isolated as described below; N, calculated 8.7, found 8.6 per cent. [a]?” 
+31.3° (1.15 per cent in 5 N hydrochloric acid). 

The y-methylglutamine preparation would contain about 10 per cent of 
the p enantiomorph, on the basis of comparison of the magnitude of the 
rotations of the y-methylglutamic acid obtained from it by acid hydrolysis 
and that of the y-methylglutamic acid derived from carbobenzoxy-dl- 
y-methyl-p-glutamic acid diamide. The presence of p isomer in the y7- 
methylglutamine preparation could be explained by hydrolysis of carbo- 
benzoxy-dl-y-methyl-p-glutamic acid diamide by the papain preparation. 
Oxidation of the y-methylglutamine preparation by rattlesnake L-amino 
acid oxidase proceeded to 80 per cent of completion, as judged by oxy- 
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gen consumption and ammonia formation; optically pure L-glutamine was 
oxidized to 90 per cent of theory under these conditions. It is also possible 
that the differences in optical rotation may be related to fractionation of 
the diastereoisomers. 

dl-y-Methyl-p-glutamic Acid—The crude carbobenzoxy-dl-y-methy]-p-glu- 
tamic acid diamide obtained above was recrystallized twice from ethanol; 
yield 7 gm. (56 per cent); m.p. 210°. Calculated for CyHigO.N3, C 57.3, 
H 6.5, N 14.3; found, C 57.0,H 6.3, N 14.6 percent. 2 gm. of carbobenzoxy- 
dl-y-methy]l-p-glutamic acid diamide were dissolved in 100 ml. of 3 n hydro- 
chloric acid and hydrogenated with palladium catalyst. After the reaction 
was complete, the catalyst was removed and the solution was refluxed for 
2 hours. The excess hydrochloric acid was removed by repeated evapora- 
tion in vacuo, and the residue was dissolved in 10 ml. of water. The pH 
was brought to 3.2 with saturated lithium hydroxide, and the product was 
erystallized by addition of 30 ml. of ethanol and cooling at —20° for 18 
hours. After two recrystallizations from water-ethanol, 0.55 gm. (50 per 
cent) of dl-y-methyl-p-glutamic acid was obtained; calculated, 8.7 N; 
found, 8.6 per cent. [a]?” —40.1° (1.87 per cent in 5 N hydrochloric acid). 

Barium a-Keto-dl-y-methylglutaramate—1 gm. of dl-y-methyl-.-gluta- 
mine was oxidatively deaminated with 1 gm. of venom in a final volume of 
35 ml., as described (8). The reaction was complete in 3 hours, and the 
keto acid was isolated as the barium salt; yield 800 mg. (56 per cent). It 
was desirable to complete the oxidation in a few hours because of the rela- 
tively rapid spontaneous deamidation of the substrate. Calculated for 
CsHsOs,NBay, C 31.8, H 3.6, N 6.2, Ba 30.6; found, C 31.6, H 3.4, N 6.1, 
Ba 30.3 per cent. Addition of 1 per cent 2,4-dinitrophenylhydrazine in 2 
n hydrochloric acid to a solution of the keto acid resulted in the slow for- 
mation of a crystalline hydrazone over a period of several days; this product 
contained about 10 per cent of the hydrazone of a-keto-dl-y-methylglutaric 
acid, as determined by paper chromatography. The latter derivative was 
prepared by addition of 2 ,4-dinitrophenylhydrazine to a solution of a-keto- 
dl-y-methylglutaramic acid in 2 n hydrochloric acid which had been re- 
fluxed for 3 hours. The hydrazone was crystallized from ethyl acetate- 
petroleum ether. Calculated for C1xHwOsNu, N 16.5; found, 16.5 per cent; 
m.p. 180°. 

a-Methyl-pi-glutamine—Carbobenzoxy-a-methyl-pi-glutamic acid di- 
amide’ was prepared as described above for the corresponding a-aminoa- 
dipic acid derivative; yield 50 per cent; m.p. 158°. Calculated for C1yHisO,- 
N3, C 57.3, H 6.5, N 14.3; found, C 57.4, H 6.5, N 14.2 per cent. Since 
this compound was resistant to attack by papain, a-methyl-pL-glutamine 

? The author is indebted to Dr. Kar! Pfister of Merck and Company, Inc., for a very 
generous quantity of a-methyl-pu-glutamic acid. 
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was prepared via the carbobenzoxy-w-ester as described above for D-a- 
aminoadipamic acid.? The product contained about 10 per cent of a- 
methyl-pi-glutamic acid, which was removed by chromatography as de- 
scribed below. After crystallization from water-acetone, a 10 per cent 
yield® of pure a-methyl-pi-glutamine was obtained. Calculated for CsH12- 
O3Ne, C 45.0, H 7.6, N 17.5; found, C 45.3, H 7.9, N 17.4 per cent. 

Chromatographic Purification of Glutamine and Related Compounds 
Glutamine preparations, whether isolated or synthetic, have frequently 
been found to contain glutamic acid in quantities varying from traces to as 
much as 10 per cent. Although crystallization from water is useful for 
removal of asparagine and arginine, the concentration of glutamic acid is 
not appreciably affected. We have therefore employed the following pro- 
cedure for the purification of glutamine. 30 gm. of glutamine dissolved 
in 1 liter of water were added to the top of a well washed Amberlite XE-64 
column (height 173 cm., diameter 10 cm.). The ion exchange resin, ob- 
tained from the Rohm and Haas Company, was washed thoroughly by 
decantation to remove fine particles, and was then washed successively with 
6 N sodium hydroxide, water, 6 N hydrochloric acid, and finally with water, 
until the wash was chloride-free. Chromatography was carried out in a 
cold room at 5° with water as the eluting agent. Fractions of approxi- 
mately 100 ml. were collected every 30 minutes. Glutamic acid appeared 
in the effluent after about 13 liters had flowed through the column, and 
glutamine (free of glutamic acid) appeared in the effluent in Fractions 150 
to 160 (corresponding to the 15th liter). The fractions containing gluta- 
mine were combined and evaporated in vacuo to low bulk. The glutamine 
was crystallized from warm water (50°) by addition of 3 volumes of ethanol. 
The final product was free of glutamic acid, as determined by paper chroma- 
tography and by enzymatic methods (12). 

A small scale adaptation of this procedure, which was used in order to 
remove a-methylglutamic and a-aminoadipic acids from a-methylgluta- 
mine and homoglutamine, respectively, in the present investigation, was 
carried out on a column 168 em. by 2.5 cm., with a flow rate of 10 to 30 ml. 
per hour. 

Other Compounds—.-y-Glutamylmethylamide (13), L-y-glutamylethyl- 
amide (13), t-glutamic acid-y-ethyl ester (14), L-y-glutamylhydroxamic 
acid (12), L-y-glutamylhydrazide (10), L-y-glutamylglycine (10), and L-7- 
glutamylglycine ethyl ester (10) were prepared as described. The prepara- 
tion of the other a-keto acids employed in this investigation is given else- 

8 Chloroacetyl-a-methyl-p.-glutamie acid (m.p. 168°) was not susceptible to the 


action of acylase I, as determined by the Van Slyke nitrous acid procedure, kindly 
carried out for us by Dr. Sanford M. Birnbaum; enzymatic resolution with acylase I 


was therefore not attempted. 
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where (8). The author is indebted to Dr. Jesse P. Greenstein for generous 
amounts of L-isoglutamine and L-isoasparagine. 

Methods—t-Glutamine and t-glutamic acid (15, 16), pyruvate, glyoxy]- 
ate, and a-ketobutyrate (17), a-ketoglutarate (1), and L-phenylalanine (18) 
were determined as described. Ascending paper chromatography was 
carried out on Whatman No. 4 paper with the following solvent systems: (a) 
formic acid, water, tertiary butanol (15:15:70); (b) phenol saturated with 
10 per cent aqueous sodium carbonate; (c) 77 per cent ethanol; (d) pyridine, 
water, methanol (4:20:80); (e) methylethyl ketone, tertiary butanol, formic 
acid, water (16:16:0.1:3.9); (f) pyridine, tertiary amyl alcohol, water 
(35:35:30); (g) n-butanol, water, ethanol (50:40:10; upper layer (19)); 
(h) n-propanol, 28 per cent aqueous ammonia, water (60:30:10). Sol- 
vents (a) to (e) inclusive were used for amino acids, and chromatograms 
of the hydrazones were developed with solvents (6), (c), (f), (g), and (h). 

Determination of amino acids by densitometric measurements of the 
corresponding spots on paper chromatograms was carried out by a pro- 
cedure similar to that described by Block et al. (20). Determinations of 
glycine, alanine, and tyrosine were performed with chromatograms de- 
veloped in solvent (a); those of a-aminobutyric acid, norvaline, and nor- 
leucine were carried out with chromatograms developed with solvent (c), 
and chromatograms developed with solvents (a) and (c) were found suit- 
able for determination of leucine, methionine, and phenylalanine. Where 
independent checks were available (e.g., by use of the decarboxylase method 
for phenylalanine and tyrosine, and by determinations of the disappearance 
of a-keto acids (Table III)), good agreement was observed. 

Stability of Amino Acid w-Amides and Related Compounds—The well 
known tendency to ring closure exhibited by glutamine is apparently shared 
by a-methylglutamine, y-methylglutamine, and homoglutamine. Gilbert, 
Price, and Greenstein (21) observed non-enzymatic conversion of glutamine 
to pyrrolidonecarboxylic acid and ammonia in the presence of phosphate 
(and certain other anions) at pH 8, and concluded that this reaction pro- 
ceeded by a mechanism different from that involved in the phosphate- 
dependent enzymatic hydrolysis of glutamine. In the present investigation, 
the phosphate-catalyzed non-enzymatic deamidation reaction was studied 
with glutamine, homoglutamine, a-methylglutamine, and y-methylgluta- 
mine. The deamidation of glutamine and a-methylglutamine occurred at 
approximately the same rate, while the reaction was appreciably faster with 
homoglutamine, a finding compatible with the expected greater tendency of 
this compound to cyclize. Arsenate and bicarbonate also catalyzed the 
non-enzymatic deamidation of homoglutamine, whereas chloride, sulfate, 


® The author is indebted to Dr. Herbert A. Sober for advice and assistance in con- 
nection with this procedure. 
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and pyruvate did not (cf. Gilbert et al. (21)). It is interesting that y- 
methylglutamine was deamidated considerably more rapidly than homo- 
glutamine or glutamine (Fig. 1). A number of other compounds were stud- 
ied in this system, and the reaction was followed semiquantitatively by 
means of paper chromatography. y-Glutamylhydroxamic acid and y-glu- 
tamylhydrazide disappeared at rates of approximately the same order of 


magnitude as observed with glutamine. On the other hand, glutamate, y- | 


glutamylmethylamide, y-glutamyldimethylamide, -glutamylethylamide, 
y-glutamylglycine, a-amino-5-N-methyladipamic acid, and asparagine were 
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Fic. 1. Non-enzymatic deamidation of a-amino acid-w-amides. Curve 1,.-glut- 
amine; Curve 2, a-methyl-pL-glutamine; Curve 3,L-homoglutamine; Curve 4,dl-y- 
methyl-.-glutamine; Curve 5,.-isoglutamine; Curve 6,L-asparagine. (A) Deamida- 
tion in the presence of potassium phosphate, pH 7.8; incubated at 37° for 6 hours. 
The mixtures consisted of 0.5 ml. of 0.1 m Veronal buffer (pH 7.8) containing 20 um of 
amide, and 0.5 ml. of potassium phosphate (pH 7.8). The abscissa represents the final 
concentration of phosphate. (B) Deamidation in n hydrochloric acid; 37°. 0.01 m 
solutions of the amides in N hydrochloric acid were incubated at 37°, and 0.5 ml. ali- 
quots were removed for ammonia analysis at the indicated intervals. 





not significantly affected by incubation in 0.5 m potassium phosphate at 
pH 7.8 for 3 days. After 3 days the phosphate-catalyzed deamidation of 
glutamine, a-methylglutamine, homoglutamine, and y-methylglutamine de- 
scribed in Fig. 1 had gone virtually to completion, as judged by loss of the 
ninhydrin color reaction, and recovery of more than 90 per cent of the 
theoretical ammonia. 

In n hydrochloric acid at 37°, a-methylglutamine, homoglutamine, and 
y-methylglutamine were hydrolyzed at rates which were approximately 
15, 50, and 80 per cent, respectively, greater than that observed with glu- 
tamine (Fig. 1). In n hydrochloric acid at 100°, greater than 90 per cent 
hydrolysis of each of the four amides was observed in 9 minutes, and 98 
to 100 per cent hydrolysis occurred after 20 minutes at this temperature. 











Aci 
cor} 
of | 
FE 
tare 
inte 
app 
reac 
hyd 
live! 
a-ke 
For 
resis 
glut: 
appé 
of a 
dese 
a-ke 
phen 
pH - 
ethy 
form 
react 
carb 
droge 
a-ket 
havic 
tions 
react 
a-} 
of a-] 
4.9 b 
both 
rapid 
of ca 
hydre 
a-ket« 
relati 
by lac 
pounc 


a 


methy! 





: 
| 


ylut- 
dl-y- 
nida- 
ours. 
um of 
final 
01 M 
|. ali- 


te at 
on of 
1e de- 
of the 
f the 


, and 
rately 
h glu- 
r cent 
nd 98 
‘ature. 





A, MEISTER 27 


Acid hydrolysis did not lead to loss of the ninhydrin color reaction, and the 
corresponding a-aminodicarboxylic acids were isolated after acid hydrolysis 
of homoglutamine and y-methylglutamine as described above. 

Properties of a-Keto Acids—It was previously reported that a-ketoglu- 
taramic acid and a-ketosuccinamic acid were capable of existing in two 
interconvertible forms (3). One of these (previously designated Form B) 
appeared to possess a reactive a-keto group as judged by ability to form 
readily a 2,4-dinitrophenylhydrazone, susceptibility to decarboxylation by 
hydrogen peroxide, and susceptibility to enzymatic attack by a purified 
liver amidase preparation. On the other hand, a-ketoglutaramic and 
a-ketosuccinamic acids were also obtained in a form (previously designated 
Form A) which yielded hydrazones at relatively slow rates, and which was 
resistant to peroxide and to the action of the amidase. a-Keto-N-methyl- 
glutaramic acid, prepared by the same procedure as a-ketoglutaramic acid, 
appeared to exist only in a form not exhibiting properties characteristic 
of a reactive a-keto group. On the other hand, three of the a-keto acids 
described in this report (a-ketoadipamic, a-keto-N-methyladipamic, and 
a-keto-N-dimethylglutaramic acids) reacted promptly with 2,4-dinitro- 
phenylhydrazine, and were rapidly decarboxylated by hydrogen peroxide at 
pH 4.9. Similar findings have also been made for a-ketoglutaric acid-y- 
ethyl ester (8). These a-keto acids do not exhibit a tendency to occur in 
forms not possessing reactive a-keto groups. The ability to form such non- 
reactive structures would appear to depend upon a chain length of 4 or 5 
carbon atoms, and the presence of an w-amide group in which at least 1 hy- 
drogen is unsubstituted. It is of interest that the N-methyl] derivative of 
a-ketoadipamic acid reacted as a typical a-keto acid, in contrast to the be- 
havior of the corresponding glutaramic acid derivative. These observa- 
tions are consistent with a cyclic formulation for the structures of the non- 
reactive forms; however, further investigation is necessary. 

a-Keto-dl-y-methylglutaramic acid exhibited properties similar to those 
of a-ketoglutaramic acid; 7.e., (a) neither acid was decarboxylated at pH 
4.9 by hydrogen peroxide; (b) in strongly acid (N sulfuric acid) solution, 
both compounds were slowly decarboxylated by peroxide, while both were 
rapidly decarboxylated by ceric sulfate yielding stoichiometric quantities 
of carbon dioxide; (c) both compounds were rapidly decarboxylated by 
hydrogen peroxide in alkaline solution (cf. (3)); (d) a-ketoglutaramic and 
a-keto-dl-y-methylglutaramic acids formed 2 ,4-dinitrophenylhydrazones 
relatively slowly; (e) neither compound was reduced at an appreciable rate 
by lactic dehydrogenase;'® and (f) the rates of deamidation of these com- 
pounds in Nn hydrochloric acid at 100° were approximately the same. 

10 w-Keto-N-methyladipamate, a-ketoadipate, a-ketoadipamate, and a-keto-dl-y- 
methylglutaramate were, like a-ketoglutaramate, reduced at negligible rates by the 
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Enzyme Studies 


Specificity of Enzyme for Amino Donor—In earlier studies on the gluta- 
mine-a-keto acid reaction, it was found that L-isoglutamine, L-glutathione, 
L-glutamic acid-y-ethyl ester, and L-y-glutamylethylamide were incapable 
of replacing L-glutamine in transamination in this system, whereas L-y-glu- 
tamylmethylamide was active in transamination with a-keto acids and was 
simultaneously converted to a-ketoglutarate and methylamine. These 
derivatives have been investigated again, together with a number of other 
y-glutamyl derivatives and related compounds. For the poorly reacting 
a-amino donors, concentrations of enzyme between 2 and 5 times that 
usually employed with glutamine were used. With the exception of 
L-y-glutamylmethylamide, dl-y-methy]l-L-glutamine, and a y-methyleneglu- 
tamine preparation isolated from tulip,'! none of these was appreciably 
active (Table I). These findings indicate the relatively high degree of 
specificity of the enzyme system for the a-amino group donor. The failure 
of the a-methylglutamic acid derivatives to transaminate is compatible 
with the currently accepted mechanism of transamination involving Schiff’s 
base formation. 

Specificity of Enzyme for a-Keto Acid—The relatively narrow specificity 
of the system with respect to the amino donor is in striking contrast to the 
wide variety of a-keto acids which have been found to be active. In previ- 
ous reports, twenty-eight of the thirty-five a-keto acids studied in this 
system were active. The inactive a-keto acids included oxalacetic acid, 
several keto acids possessing one or no $-hydrogen atom, and keto acids 
which tend to cyclize (22). It is of interest that, although homoglutamine, 
its w-N-methy] derivative, and L-y-glutamyldimethylamide were incapable 
of replacing glutamine as the amino donor, the a-keto analogues of these 
compounds were aminated to yield the corresponding amino derivatives 
when incubated with glutamine in this system (Table II). 


Separation of Transamination and Deamidation Steps—Despite con- 


siderable effort, we have been unsuccessful in separating an enzyme capable 


of catalyzing transamination between glutamine and a-keto acids from that | 
which catalyzes the deamidation of a-ketoglutaramic acid. Such a separa- § 


tion might be expected to permit isolation of a-ketoglutaramic acid as a 
product of glutamine-a-keto acid transamination. Difficulty in these at- 








lactic dehydrogenase system (17). a-Keto-N-dimethylglutaramate was reduced at 
rate of 560 X 10-8 mole per minute, compared to a rate of 26,800 X 10-8 for pyruvate. 
(The conditions of these determinations were as previously described (17).) 

11 These experiments were made possible by the generosity of Dr. F. C. Steward, 
who provided us with a sample of y-methyleneglutamine. Through the kindness of 
Dr. L. Fowden, we have recently been able to study a sample of y-methyleneglu- 
tamine isolated from the peanut plant. The results were in agreement with those 
observed with the amide obtained from the tulip bulb. 
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tempts arose from the fact that the transaminase activity is relatively un- 
stable and that the enzyme preparations possess considerably more amidase 
than transaminase activity. An alternative approach to this problem was 
therefore made, in which a number of glutamine analogues were studied in 


TABLE [ 


Specificity of Amino Donor 





f ; , on ' ‘ Trans- 
a-Amino acid etaation” a-Amino acid [tion 
L-Glutaminet (100) f§|| | 1-Homoglutaminet <5 
L-y-Glutamylmethylamide 65§ | L-Asparaginet <5 
L-y-Glutamyldimethylamide <5 L-Aspartic acidt <5 
L-y-Glutamylethylamide § <5 L-Isoasparagine <5 
t-Glutamic acid-y-ethyl ester] <5 L-a-Aminoadipic acid-é6-ethyl <5 
L-Glutathione <5 ester 
L-y-Glutamylhydroxamiec acid <5 pL-a-Amino-é-N -methyladipamic| <5 
L-y-Glutamylhydrazide <5 acid 
t-y-Glutamylglycine <5 a-Methyl-pi-glutamine <5 
L-y-Glutamylglycine-ethyl ester <5 a-Methyl-pu-glutamic acid <5 
L-Glutamic acidt 13§ dl-y-Methyl-pu-glutamic acidf |<5 
L-Isoglutamine** 10§ dl-y-Methyl1-.-glutamine 61|| 


y-Methyleneglutamine (isolated | 757 
from tulip) 


* The reaction mixtures contained 20 um of L-amino acid, 20 um of sodium pheny]- 
pyruvate, and 30 to 180 mg. of enzyme in 1.5 ml. of 0.1 m Veronal buffer (pH 8.2); 
incubated at 37° for 1 to 3 hours. The values for transamination are given in 
terms of the activity observed with L-glutamine, which is arbitrarily designated 
as 100. Similar relative values were obtained in experiments in which phenylpy- 
ruvate was replaced by a-ketoisocaproate. 

+t The p isomer was studied and found to be inactive. 

t Based on determinations of glutamine and glutamate. 

§ Based on formation of a-ketoglutarate. 

|| Based on t-phenylalanine formation. 

{| The pt compound (40 uM) gave similar results. 

** _-Isoglutamine was slowly deamidated under these conditions. 

tt Semiquantitative estimation based on paper chromatographic study. 


the hope of finding one which would participate in the transamination 
reaction, but whose a-keto analogue would not be susceptible to attack by 
the amidase. Of the several derivatives investigated, dl-y-methy]-1-gluta- 
mine appeared to fulfil these requirements. This amide transaminated 
with a-keto acids at a rate of the same order of magnitude as that observed 
with L-glutamine. However, in contrast to glutamine, this substrate was 
not deamidated. The values for transamination with y-methylglutamine 
were 50 to 80 per cent of those obtained with glutamine. No transamina- 
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tion was observed with either amide and four a-keto acids previously found 


to be inert in this system (Table III). Under similar conditions, appreci- 
able transamination was observed between y-methyleneglutamine and 
pyruvate and between this amide and a-ketoisocaproate; in these studies, 
also, no deamidation occurred. 

Experiments in which a-keto-dl-y-methylglutaramate was incubated at 
pH values of 7.5 to 9.0 with the purified a-keto acid-w-amidase preparation, 
or with the glutamine transaminase-deamidase preparation, indicated that 
this a-keto acid-w-amide, in contrast to a-ketoglutaramic acid, was not 
deamidated. These results strongly suggested that the a-keto analogues of 
y-methylglutamine and y-methyleneglutamine were formed in the course of 








TaBLeE II 
Transamination between Glutamine and a-Keto Acid-w-Amides* 
a-Keto acid Transamination,t um |Deamidation, um NH; 
eR 5025 Fo) ra Ginn.cy oe eae RSs R 4.21 4.31 
a-Keto-N-methyladipamic.................. : 1.66 2.01 
a-Keto-N-dimethylglutaramic.............. ee 4.46 4.64 
a-Keto-y-methylglutaramic................. ’ 0.95 1.05 
ME een tht Seah ccsike eatwibiewd 6.02 6.21 


* The reaction mixtures contained initially 10 um of L-glutamine, 20 um of a-keto 
acid, and 40 mg. of enzyme in 1 ml. of 0.1 Mm Veronal buffer (pH 8.2); incubated at 37° 
for 2 hours. An experiment with pyruvic acid was carried out for comparative pur- 
poses. 

¢ Values for transamination were derived from determinations of glutamine dis- 
appearance. The formation of the corresponding a-amino acid-w-amides was ob- 
served by paper chromatography. 





the transamination reactions. Isolation of a-keto-y-methyleneglutaramic 
acid could not be attempted because of the limited amount of y-methyl- 
eneglutamine available. Formation of a-keto-dl-y-methylglutaramic acid 
was demonstrated by chromatography of the corresponding 2 ,4-dinitro- 
phenylhydrazone. 

Identification of a-Keto-dl-y-methylglutaramic Acid—A mixture containing 
200 um of y-methylglutamine, 400 um of sodium pyruvate, and 150 mg. of 
enzyme in 1.1 ml. of 0.05 m Veronal buffer (pH 8.2) was incubated for 2 
hours at 37°. 0.5 ml. of 0.4 m sodium acetate buffer (pH 4.9) was added, 
and the mixture was placed at 100° for 2 minutes. The coagulated protein 
was removed by centrifugation, and the supernatant solution was mixed 
with 0.5 ml. of 10 per cent hydrogen peroxide and incubated at 37° for 15 
minutes. The peroxide was decomposed by addition of 1 drop of a crystal- 
line catalase suspension, and the solution was lyophilized. The residue 
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was mixed with 3 ml. of warm 1 per cent 2,4-dinitrophenylhydrazine in 2 
nN hydrochloric acid and allowed to stand for 18 hours, after which the 
solution was extracted three times with 3 ml. of ethyl acetate. The ex- 
tracts were combined and chromatographed together with extracts obtained 
from similar experiments in which pyruvate and y-methylglutamine were 
separately omitted. With the complete system, formation of the 2 ,4-dini- 


TaBLe III 
Comparison of Transamination with L-Glutamine and dl-y-Méthyl-L-glutamine* 
L-Glutamine i ie 
Transamination, a Transamination, 
umt um NH’ um} 
Pyruvie acid ee ee ee 9.6 (9.30) | 9.51 6.9 (6.15) 
a-Ketobutyric acid ia vithesnshslcnl 8.7 (9.00) | 9.25 | 6.5 (5.85) 
a-Ketovaleric ‘‘ done asta 8.8 e241. | 6&3 
a-Ketoisovaleric acid aware 0 0 0 
a-Ketocaproic acid me .| 8.4 9.20 5.7 
a-Ketoisocaproic acid aise + ae 8.90 5.8 
d-a-Keto-8-methylvaleric acid 0 0 0 
8,8,8-Trimethylpyruvie acid 0 SS. *2 8 
Phenylpyruvie acid 6.0 5.81 3.0 
p-Hydroxyphenylpyruvie acid. . | 6.0 6.01 3.8 
a-Ketophenylacetic acid 0 0 0 
Glyoxyliec acid 8.9 (9.05) 9.20 6.8 (6.65) 
a-Keto-y-methiolbutyric acid ; 9.1 9.01 6.6 


* The reaction mixtures contained initially 20 um of a-keto acid, 10 um of amino 
acid amide, and 20 mg. of enzyme in 0.3 ml. of 0.1 m Veronal buffer (pH 8.2); incu- 
bated for 2 hours at 37°. 


+ No deamidation was observed. 

t Transamination values are based on determinations of the amino acids formed, 
and, in three cases, on determinations of keto acid disappearance. The values based 
on disappearance of keto acids are given in parentheses. 


trophenylhydrazone of a-keto-dl-y-methylglutaramic acid was demon- 
strated by chromatographic comparison with a sample of this derivative 
prepared from the authentic keto acid. 

The treatment with peroxide simplified the chromatographic identifica- 
tion by destroying residual pyruvate; as noted above, a-keto-dl-y-methy]- 
glutaramic acid is not decarboxylated under these conditions. The Rr 
values for a-keto-dl-y-methylglutaramic acid 2 ,4-dinitrophenylhydrazone 
in solvents (b), (c), (f), (g), and (h) were, respectively, 0.55 to 0.60, 0.53 to 
0.58, 0.68 to 0.75, 0.38 to 0.45, and 0.61 to 0.67. The corresponding values 
for a-keto-dl-y-methylglutaric acid 2,4-dinitrophenylhydrazone were 0.80 
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to 0.87, 0.65 to 0.70, 0.77 to 0.82, 0.70 to 0.80, and 0.77 to 0.85. Small 
amounts of this hydrazone were also visualized on the chromatograms. 

Formation of y-Methylglutamine from a-Keto-y-methylglutaramate—W ith 
equimolar concentrations of y-methylglutamine and pyruvate, and other 
conditions as given in Table IIT, the reaction was found to cease at about 
70 per cent of maximal transamination. On the other hand, in experiments 
in which a-keto-y-methylglutaramate and alanine were incubated, only 
traces of y-methylglutamine were formed, as determined by paper chroma- 
tography. Similar results were obtained when a-keto-y-methylglutaram- 
ate was incubated with a number of other amino acids. The failure of the 
reverse reaction to reach the same equilibrium point under the experimental 
conditions employed may possibly be related to the tendency of the a-keto 
acid-w-amide to exist in a non-reactive form. a-Keto-y-methylglutaramate 
was aminated to a slight but measurable extent when incubated with 
glutamine (Table II), and similar results were obtained with the asparagine 
system with conditions previously described (2). 

DISCUSSION 

The studies on the specificity of the glutamine transaminase reaction 
indicate that, although a wide variety of a-keto acids is active in this sys- 
tem, only three of twenty-two compounds investigated can replace gluta- 
mine. The system therefore exhibits a considerably narrower specificity 
for the amino donor than for the amino group acceptor. It is of interest 
that several a-keto acids, which correspond to analogues of glutamine 
(e.g., homoglutamine) which cannot replace glutamine as the amino donor, 
are active as amino group acceptors. The transaminase system appears 
to require an a-keto acid possessing at least two 6-hydrogen atoms, and an 
amino acid-w-amide with a chain of 5 carbon atoms with an unsubstituted 
(or monomethyl-substituted) w-amide group. 

A significant finding in relation to the mechanism of the reaction was that 
y-methylglutamine and y-methyleneglutamine were active in transamina- 
tion, but did not yield ammonia. The experiments with y-methylgluta- 
mine indicated that the corresponding a-keto acid-w-amide accumulated, 
since it was not susceptible to the action of the amidase.’ In contrast to 

12 The susceptibility of the a-methyl and y-methyl derivatives of glutamic acid 
and glutamine was also studied in the following enzyme systems. (a) Rattlesnake 
venom L-amino acid oxidase oxidized dl-y-methyl-.-glutamine and L-glutamine at 
approximately the same rate; dl-y-methyl-pL-glutamic acid, a-methyl-pL-glutamine, 
and a-methyl-pu-glutamic acid were not attacked; (b) C. welchii, u-glutamic acid 
decarboxylase did not decarboxylate the methyl-substituted derivatives; (c) hog 
kidney p-amino acid oxidase did not oxidize the methyl-substituted derivatives; 
(d) Escherichia coli glutaminase hydrolyzed dl-y-methyl-u-glutamine and a-methyl- 
pL-glutamine at about 1 and 25 per cent, respectively, of the rate observed with L- 
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the y-methylglutamine-a-keto acid reaction, the glutamine-a-keto reaction 
proceeded virtually to completion with stoichiometric formation of am- 
monia. In the latter reaction the a-keto acid-w-amidase system would be 
expected to drive the reaction to completion by removal of a-ketoglu- 
taramate. 

In view of these findings and considerations previously discussed, the 
accompanying reaction sequence for the glutamine-a-keto acid transamina- 


CONH, CONH:2 
| | 

| | 

CH: CH: 


| 


CH. + RCOCOOH > CH, + RCHNH.COOH 


CHNH: C=O 
COOH _ 
CONH: COOH 

i. CHe 


CH: + H:0 — CH, + NH; 


C= C=0 


COOH COOH 


tion-deamidation reaction appears highly probable. A similar sequence 
of enzymatic steps probably also occurs in the analogous asparagine-a-keto 
acid reaction, a conclusion which is supported by the demonstration of the 
reversal of the latter reaction, with the formation of asparagine from a-keto- 
succinamic acid (23). 


The author wishes to acknowledge the skilful assistance of Miss Phyllis 
E. Fraser and Miss Patricia A. Abendschein. 


SUMMARY 


1. Although a wide variety of a-keto acids was active in the glutamine 
transaminase system, only three of twenty-two compounds investigated 
were capable of replacing glutamine as the amino donor. Homoglutamine, 
a-amino-6-N-methyladipamic acid, and y-glutamyldimethylamide were in- 





glutamine. Studies with glutaminase prepared from rat kidney gave similar results; 
(e) suspensions of Z. coli catalyzed transamination between dl-y-methyl-pu-glutamic 
acid and phenylpyruvie acid, a-ketoisocaproic acid and a-keto-y-methiolbutyric 
acid, at rates approximately 50 per cent of those observed with pi-glutamic acid. 
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active as amino donors, while the a-keto analogues of these amino acids 
were aminated when incubated with glutamine in this system. 

2. y-Methylglutamine and y-methyleneglutamine were appreciably ac- 
tive in transamination with a-keto acids. However, in contrast to gluta- 
mine, no ammonia was formed with these amides. The evidence indicated 
that a-keto-y-methylglutaramic acid accumulated in the reaction between 
-methylglutamine and a-keto acids. a-Keto-y-methylglutaramic acid was 
not deamidated by the glutamine transaminase preparation or by a purified 
amidase preparation capable of rapidly hydrolyzing a-ketoglutaramic acid. 

3. The present and previously reported evidence indicates that the 
glutamine-a-keto acid transamination-deamidation reaction involves two 
steps: (a) transamination between glutamine and keto acid yielding amino 
acid and a-ketoglutaramic acid, and (b) hydrolysis of a-ketoglutaramic acid 
to ammonia and a-ketoglutarate. 

4. The preparation of L- and p-homoglutamine, L-a-aminoadipic acid- 
-ethyl ester, DL-a-amino-5-N-methyladipamic acid, L-y-glutamyldimethyl- 
amide, dl-y-methyl-i-glutamine, dl-y-methyl-p-glutamic acid, and a-meth- 
yl-pi-glutamine is described. The non-enzymatic deamidation of glu- 
tamine, homoglutamine, a-methylglutamine, and y-methylglutamine in 
phosphate solution at pH 7.8 and in n hydrochloric acid was studied. 

5. The preparation and certain properties of sodium a-ketoadipamate, 
barium a-keto-N-methyladipamate, barium a-keto-N-dimethylglutara- 
mate, and barium a-keto-dl-y-methylglutaramate are given. 

6. A procedure is described for the preparation of pure glutamine, homo- 
glutamine, and a-methylglutamine, free of the corresponding a-aminodi- 
carboxylic acids. 


BIBLIOGRAPHY 
1. Meister, A., and Tice, 8. V., J. Biol. Chem., 187, 173 (1950). 


2. Meister, A., Sober, H. A., Tice, S. V., and Fraser, P. E., J. Biol. Chem., 197, 319 
(1952). 

3. Meister, A., J. Biol. Chem., 200, 571 (1953). 

4. Waalkes, T. P., Fones, W. S., and White, J., J. Am. Chem. Soc., 72, 5760 (1950). 

5. Fruton, J. 8., J. Biol. Chem., 165, 333 (1946). 

6. Greenstein, J. P., Birnbaum, S. M., and Otey, M. C., J. Am. Chem. Soc., 75, 1994 


(1953). 
. Meister, A., Levintow, L., Kingsley, R. B., and Greenstein, J. P., J. Biol. Chem., 
192, 535 (1951). 
8. Meister, A., J. Biol. Chem., 190, 269 (1951); 197, 309 (1952). 
9. Gault, H., Bull. Soc. chim., 11, 382 (1912). 
10. Le Quesne, W. J., and Young, G. T., J. Chem. Soc., 1959 (1950). 
11. Done, J., and Fowden, L., Biochem. J., 51, 451 (1952). 
12. Levintow, L., and Meister, A., J. Biol. Chem., 209, 265 (1954). 
13. Lichtenstein, N., J. Am. Chem. Soc., 64, 1021 (1942). 
. Bergmann, M., and Zervas, L., Z. physiol. Chem., 221, 51 (1933). 


~I 








15. 
16. | 
W.] 
18. 
19. 


21. 
22. 
23. 





‘ids 


ac- 
ita- 
ted 
een 
was 
fied 
cid. 
the 
two 
1in0 
acid 
cid- 
hyl- 
eth- 


glu- 
2 in 


ate, 
ara- 


ym0o- 
10di- 


7, 319 


1950). 
, 1994 


Yhem.., 








- 


15. 
16. 
iT. 
18. 
19. 
. Block, R. J., Le Strange, R., and Zweig, G., Paper chromatography, New York 
21. 


22. 
. Meister, A., and Fraser, P. E., J. Biol. Chem., 210, 37 (1954). 


A. MEISTER 35 


Krebs, H. A., Biochem. J., 48, 51 (1948). 

Meister, A., Sober, H. A., and Tice, 8S. V., J. Biol. Chem. , 189, 591 (1951). 
Meister, A., J. Biol. Chem., 184, 117 (1950). 

McGilvery, R. W., and Cohen, P. P., J. Biol. Chem., 174, 813 (1948). 
Metzler, D. E., and Snell, E. E., J. Biol. Chem., 198, 353 (1952). 


(1952). 


Gilbert, J. B., Price, V. E., and Greenstein, J. P., J. Biol. Chem., 180, 209 (1949). 
Meister, A., J. Biol. Chem., 206, 577 (1954). 














Tl 
tran: 
spon 
gest 
wou. 
tran 
a-ke 
coun 
the | 
grou 
of ex 
(3). 
enzy 
this 
of 7 
in tl 
peri 
with 
tion 
resel 
the | 
the | 
actic 


(b) t 


i 
(desi 
nate 

Co 
Solu 
allow 
pH & 





ENZYMATIC FORMATION OF 1t-ASPARAGINE BY 
TRANSAMINATION 


By ALTON MEISTER anp PHYLLIS E. FRASER 


(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, March 3, 1954) 


The demonstration of the participation of glutamine and asparagine in 
transamination reactions (1, 2), and the strong probability that the corre- 
sponding a-keto acid-w-amides were initial reaction products (3, 4), sug- 
gested that reversal of these reactions might be possible. Such a reversal 
would be expected to lead to the formation of glutamine and asparagine by 
transamination between various amino acids and a-ketoglutaramate and 
a-ketosuccinamate, respectively. Among the experimental difficulties en- 
countered in attempts to demonstrate these reactions were the tendency of 
the a-keto acid-w-amides to exist in forms not possessing reactive a-keto 
groups and the wide-spread occurrence of a-keto acid-w-amidase activity 
of considerably greater magnitude than that of the transaminase systems 
(3). Thus far, attempts to synthesize glutamine from a-ketoglutaramate 
enzymatically have failed, possibly because of the greater susceptibility of 
this substrate to the action of the amidase, and the fact that, at pH values 
of 7 to 9, the compound exists at most only to the extent of several per cent 
in the free a-keto acid form. On the other hand, under appropriate ex- 
perimental conditions, a-ketosuccinamate has been found to transaminate 
with a wide variety of L-amino acids in the presence of a rat liver prepara- 
tion to yield L-asparagine. A study of this reaction, which appears to rep- 
resent reversal of the asparagine-a-keto acid transamination reaction, forms 
the basis of the present communication. This report also describes (a) 
the formation of asparagine in the glutamine transaminase system, a re- 
action previously shown only by means of paper chromatography (3), and 
(b) the formation of a-ketosuccinamic acid in a model transaminase system. 


EXPERIMENTAL 


Enzyme Preparations—The rat liver asparagine transaminase fraction 
(designated enzyme A) and the glutamine transaminase preparation (desig- 
nated enzyme G) were prepared as described previously (2). 

Compounds—Sodium a-ketosuccinamate was prepared as described (3). 
Solutions of the keto acid were prepared in 0.2 m sodium hydroxide and 
allowed to stand for 10 minutes at room temperature prior to adjustment to 
pH 8.2 with dilute hydrochloric acid. 


37 








38 ASPARAGINE FORMATION BY TRANSAMINATION 


The amino acids used in this investigation were chromatographically 
homogeneous in seven solvent systems. ‘Tests for optical purity indicated | 


that the isomers capable of examination by this procedure (5) were at 
least 99.9 per cent pure. Most of the amino acid isomers were prepared in 
this Laboratory (6); the author is indebted to Dr. Jesse P. Greenstein for 
many of these. 

Methods—u-Asparagine was determined by the following procedure, which 
represents a modification of the procedure of Krebs (7). The method is 
based on the conversion of L-asparagine to L-aspartic acid by asparaginase, 
followed by determination of the L-aspartic acid by means of enzymatic 
decarboxylation with Clostridium welchii (8). 

Following incubation, the reaction mixtures were placed at 100° for 2 
minutes to stop the reaction. After cooling, 1 ml. of guinea pig serum as- 
paraginase (containing 20 units (9)) was added, and the mixture was in- 
cubated at 37° for 2 hours. 0.3 ml. of 3 m sodium acetate buffer (pH 4.9) 
was then added, and the mixture was placed at 100° for 2 minutes. The 
coagulated protein was removed by centrifugation in the cold, and an ali- 
quot of the supernatant solution was analyzed for L-aspartic acid (8). De- 
terminations in which treatment with asparaginase was omitted were car- 
ried out in order to detect preformed t-aspartic acid. The values of 
L-asparagine were corrected by subtraction of these values, which were less 
than 0.6 um under the conditions employed. In the experiments with glu- 
tamine, glutamic acid, and aspartic acid, treatment of the sample with C. 
welchit decarboxylase was carried out prior to addition of asparaginase in 
order to destroy these amino acids. Experiments in which known amounts 
of asparagine were carried through these procedures were included in each 
set of determinations; the recovery of added asparagine was between 94 
and 100 per cent. 

The paper chromatographic procedures outlined previously (4) were fol- 
lowed. The formation of asparagine on the chromatograms was readily 
observed by the position of the characteristic brown ninhydrin spot in rela- 
tion to internal standards. 


Results 


Asparagine Formation by Transamination between a-Ketosuccinamate and 
Various Amino Acids—The two main side reactions capable of interfering 
with the demonstration of asparagine formation from a-ketosuccinamate are 
hydrolysis of asparagine and deamidation of a-ketosuccinamate. Although 
rat liver homogenates possess considerable asparaginase activity, this was 
removed in the course of purification of the transaminase preparations 
(1,2). However, as previously observed, these preparations possessed con- 
siderable a-keto acid-w-amidase activity. A great many attempts to pre- 
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pare the asparagine transaminase free of amidase were unsuccessful, due 
at least in part to the instability of the transaminase activity. The hy- 
drolysis of a-ketosuccinamate by the purified a-keto acid-w-amidase prep- 
aration increased rapidly with increasing substrate concentration, reaching 
a plateau at a substrate concentration of about 0.02 m (3). Saturation of 
the amidase activity of the asparagine transaminase preparation occurred 
at an a-ketosuccinamate concentration of 0.06 m, under the conditions em- 
ployed (Fig. 1). It therefore appeared possible to demonstrate asparagine 
formation in the presence of a concentration of a-ketosuccinamate which 
was in excess of that hydrolyzed by the amidase system. This was found 





MICROMOLES 
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Fic. 1. Effect of a-ketosuccinamate concentration on L-asparagine formation. 
The reaction mixtures contained initially 40 um of L-a-aminobutyric acid, a-ketosuc- 
cinamate in the indicated quantities, and 32 mg. of enzyme A in 0.6 ml. of 0.05 m 
Veronal buffer (pH 8.2); incubated at 37° for 2 hours. Upper curve, L-asparagine 
formation; lower curve, ammonia formation. The formation of ammonia was identi- 
cal in the presence and absence of L-a-aminobutyric acid; L-asparagine was not de- 
amidated under these conditions. 


to be the case, and, as indicated in Fig. 1, a concentration of 0.1 M a-keto- 
succinamate was found to be optimal for asparagine formation. Under 
these conditions, and in the presence or absence of L-amino acids, approx- 
imately 30 per cent of the a-ketosuccinamate was hydrolyzed as judged by 
ammonia formation. At a concentration of 0.0667 m, about half as much 
asparagine was formed, and with 0.033 m a-ketosuccinamate only traces of 
asparagine were detected. When concentrations greater than 0.1 m were 
employed, there was no appreciable increase in asparagine formation. As 
described in Table I, considerable asparagine formation was observed with 
thirteen of the amino acids studied. It is of interest that valine, isoleucine, 
alloisoleucine, tertiary leucine, a-aminophenylacetic acid, glutamic acid, 
and aspartic acid were low in activity or were inactive; the keto analogues 
of these amino acids were also found to be incapable of appreciable trans- 
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amination with asparagine. The failure of glycine to transaminate with 
a-ketosuccinamate is in striking contrast to the rapid reaction of glyoxyl- 
ate with asparagine (2). Other transamination systems involving glycine 
have also been found to proceed very slowly in the direction of glyoxylate 
formation (10). It is of interest that glyoxylate is considerably more ac- 
tive than pyruvate and a-ketoglutarate in non-enzymatic transamina- 
tion (11). 


TABLE I 


Formation of u-Asparagine by Transamination* 








t-Aspara- t-Aspara- 
Amino acid addedt gine Amino acid addedf gine 

|formed, uM formed, um 
None | 0.71 | 41-Tyrosinet 4.51 
L-Alaninet | 7.46 | L-a-Aminophenylacetic acid 0.72 
L-a-Aminobutyric acid} 8.62 |  .-Methioninet | 6.26 
Lt-Norvalinet | 6.29 | L-Ethionine | 4.37 
L-Valinet | 0.79 |  w-Glutamie acidt 1.21 
Lt-Norleucinet 5.20 L-Glutaminet 7.51 
L-Leucinet | 4.59 | L-Aspartie acidt | 1.01 
L-Isoleucinet 0.65 L-Histidine | 5.54 
L-Alloisoleucine | 0.60 | 4-Tryptophan 1.72 
L-tertiary-Leucine 0.78 | Glycine 0.87 
L-Phenylalaninet | 4.15 | 1-Serine 2.22 








* The reaction mixtures contained initially 60 um of sodium a-ketosuccinamate, 
40 um of amino acid, and 32 mg. of enzyme A in 0.6 ml. of 0.05 m Veronal buffer (pH 
8.2); incubated at 37° for 2 hours. 

f u-Lysine, L-ornithine, L-cysteine, L-a-aminoadipic acid, L-homoglutamine, and 
ammonium chloride were inactive in asparagine formation; slight activity, as ob- 
served by paper chromatography, was observed with t-citrulline, L-glutamic acid- 
y-ethyl ester, L-cysteic acid, and L-threonine. 

¢ The p isomers of these amino acids were tested and found to be inactive. 


Transamination between Glutamine and a-Ketosuccinamate—The broad 
specificity of the glutamine-a-keto acid reaction has been described pre- 
viously (1, 2). However, the formation of asparagine by transamination 
of a-ketosuccinamate in this system appeared worthy of study because of 
the relatively high concentration of glutamine and asparagine in liver, and 
the absence of information on the synthesis of asparagine in biological 
systems. ‘The formation of asparagine occurred readily in the glutamine 
transaminase system under conditions similar to those employed for the 
asparagine transaminase system (Table II). The optimal concentration 
of a-ketosuccinamate for glutamine formation was 0.111 m, and approxi- 
mately one-third of the a-ketosuccinamate was deamidated. The forma- 
tion of asparagine was accompanied by stoichiometric disappearance of 
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ith glutamine. The increase in formation of ammonia in the presence of glu- 
yl- tamine was approximately equivalent to the disappearance of glutamine, 
ne and may be ascribed to the deamidation of this amide. Asparagine for- 
ite mation was negligible when glutamine was replaced by a number of other 
AC- amino acids, including glutamic acid. 

1a- Attempts to Demonstrate Asparagine Formation with Preparations of Other 


Tissues—Experiments with homogenates and acetone powder extracts of rat 
brain and skeletal muscle, carried out as described above, failed to demon- 
strate asparagine formation from a-ketosuccinamate. On the other hand, 
studies with rat kidney indicated that this tissue possessed a glutamine- 








ara- 
e TaBL_eE II 
|, M 

- Formation of u-Asparagine by Transamination between L-Glutamine and 
1 a-Ketosuccinamate* 
2 The values are given in micromoles. 
6 ee —-- 
7 Glutamine A. 
1 Substrates a - ‘ , Ammonia 
, Initial Final | 
1 ecient _ — aes = eas - a 
dI L-Glutamine... . ih costae nite ohare koa abet 20.0 19.7 0.2 0.2 
4 - + a-ketosuccinamate.......... 20.0 2.5 16.9 49.2 
(2 a-Ketosuccinamate. . ; le TED A 0.2 32.6 
a] L-Alaninef + a-ketosuccinamate...... ee 0.2 33.5 
22 L-Leucinet + ss Bi, as cela oe 0.2 30.2 

~ | - 10.0 0 
ate, es os ieniihs aes : . _| 
(pH * The reaction mixtures contained 20 um of amino acid (unless otherwise stated), 


100 um of sodium a-ketosuccinamate, and 60 mg. of enzyme G in 0.9 ml. of 0.1 m 
and Veronal buffer (pH 8.2); incubated at 37° for 2 hours. 


ob- + The following L-amino acids likewise led to the formation of 0.2 un or less of 
cid- asparagine in this system: methionine, phenylalanine, glutamic acid, a-aminobutyric 
acid. 
keto acid system which was similar to that found in liver, in that glutamine 
‘oad (but not asparagine) transaminated with a number of keto acids, including 
pre- a-ketosuccinamate, to yield the corresponding amino acids and ammonia. 
tion Quantitative study of this system was not feasible with crude kidney prep- 
e of arations because of the presence of considerable glutaminase activity. 
and However, the formation of asparagine from a-ketosuccinamate and glu- 
rical tamine (but not other amino acids) was qualitatively shown by paper 
nine chromatographic studies. These observations suggest that kidney pos- 
the sesses only the glutamine transaminase system, in contrast to liver which 
tion exhibits both glutamine and asparagine transaminase activities. 
rOxi- Isolation of a-Ketosuccinamic Acid 2 ,4-Dinitrophenylhydrazone As Product 
rma- of Non-Enzymatic Transamination of Asparagine—Since the first demon- 
e of stration of non-enzymatic transamination (12) and that of enzymatic 
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transamination (13), a number of model transaminase systems have been 
studied. Of particular interest in connection with the coenzyme require- 
ments of transaminase was the demonstration of interconversion between 
pyridoxal and pyridoxamine by means of transamination at 100° with a 
number of amino acids (14, 15). In a previous report non-enzymatic con- 
version, under similar conditions, of a-ketoglutaramic and a-ketosuccin- 
amic acids to glutamine and asparagine, respectively, was described (3). 
It has now been possible to carry out the reverse reaction, leading to the 
formation of a-ketosuccinamic acid, which was identified by isolation as 
the 2,4-dinitrophenylhydrazone. The details of the procedure were as 
follows. 100 ml. of 0.1 m sodium acetate buffer (pH 4.9) containing 0.1 
mo of aluminum chloride, 4 mm of L-asparagine, and 16 mm of pyridoxal, 
were heated at 100° for 1 hour. 150 ml. of warm 1 per cent 2,4-dinitro- 
phenylhydrazine in 2 n hydrochloric acid were added, and, after cooling, 
the solution was extracted three times with 200 ml. of ethyl acetate. The 
combined ethyl acetate fractions were extracted five times with 100 ml. of 
10 per cent sodium carbonate, the carbonate extracts were washed twice 
with 250 ml. of ethyl acetate, acidified with hydrochloric acid, and ex- 
tracted three times with 250 ml. of ethyl acetate. The combined ethyl 
acetate extracts were dried over sodium sulfate and evaporated. The 
product was crystallized twice from ethyl acetate, yielding 300 mg. of the 
hydrazone; the melting point was 183°, and a mixed melting point with an 
authentic sample showed no depression.' Calculated, for CoH sO7;N;, N 
22.5; found, 22.6 per cent. The paper chromatographic behavior of the 
authentic and isolated hydrazones was identical.” 


DISCUSSION 


The activity of a-ketosuccinamate in the hepatic transaminase systems 
lends additional support to the concept that this keto acid is an interme- 
diate in the asparagine-keto acid reaction. The findings are thus com- 
patible with a mechanism for the latter reaction, which is analogous to that 
proposed for the glutamine-keto acid reaction (4). Furthermore, the pres- 
ent results raise the question as to whether a-ketosuccinamate may be an 
intermediate in the biosynthesis of asparagine. A number of studies have 
suggested that asparagine is formed from aspartate or a closely related 
compound. The hydrolysis of a-ketosuccinamate by the purified a-keto 
acid-w-amidase preparation did not appear to be reversible (3). However, 
a mechanism of a-ketosuccinamate formation other than transamination 
may exist; further studies along these lines are in progress. 


1 This melting point was incorrectly given as 173° in a previous report (3). 

2 The Rr values for a-ketosuccinamic acid 2,4-dinitrophenylhydrazone in solvents 
(a), (b), (d), (g), and (h), as previously designated (4), were, respectively, 0.66 to 
0.73, 0.55 to 0.60, 0.57 to 0.65, 0.13 to 0.23, and 0.65 to 0.70. 
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SUMMARY 


1. The formation of L-asparagine by transamination between a-keto- 
succinamic acid and a wide variety of L-a-amino acids was catalyzed by a 
rat liver preparation. The reaction appears to represent reversal of the 
asparagine-a-keto acid transamination reaction. 

2. L-Asparagine is also formed from a-ketosuccinamate in the glutamine 
transaminase system. Of the amino acids tested, only glutamine was ac- 
tive as the a-amino group donor. 


3. The non-enzymatic transamination of asparagine and pyridoxal at 
100° leads to formation of a-ketosuccinamic acid, which was isolated and 
identified as the corresponding 2 ,4-dinitrophenylhydrazone. 

4. The significance of these findings in relation to the mechanism of the 


asparagine-a-keto acid transamination reaction and to the biosynthesis of 
asparagine is discussed. 
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THE INTERACTION OF QUINACRINE WITH ADENINE 
NUCLEOTIDES* 


By J. LOGAN IRVIN anp ELINOR MOORE IRVIN 


(From the Department of Biological Chemistry and Nutrition, School of Medicine, 
University of North Carolina, Chapel Hill, North Carolina) 


(Received for publication, March 12, 1954) 


Several investigators have reported experiments which demonstrated 
biological antagonisms between certain acridine derivatives and various 
nucleotides. MclIlwain (1) observed the reversal by nucleotides of the 
inhibition of growth of Escherichia coli and Streptococcus hemolyticus by 
proflavine and euflavine. Similar results were obtained by Martin and 
Fisher with Staphylococcus aureus (2). Lewis and Goland reported (3) 
that the addition of nucleotides to the diet counteracted in part the in- 
hibitory effect of certain acridines upon the growth of sarcomas and car- 
cinomas in mice. Bovarnick et al. (4) observed that the quinacrine! in- 
hibition of oxygen uptake by substrate-depleted Plasmodium lophurae can 
be prevented partly or completely by adenylic acid (AMP) or adenosine- 
triphosphate (ATP). Madinaveitia and Raventés (5) demonstrated that 
quinacrine antagonizes the action of adenosine on guinea pig heart and on 
the cecum of the hen. Green and Stoner (6, 7) found that quinacrine had 
considerable effect in counteracting the condition of simulated traumatic 
shock which can be produced in animals by the injection of AMP or ATP. 
Several investigators (1-4) have concluded that the effects of acridine 
derivatives probably are attributable to a competition of these compounds 
with AMP or ATP for some essential enzymatic system. However, in 
two papers (1, 2) the possibility that certain acridines might function, at 
least in part, by forming complexes with nucleotides was also suggested. 
Little direct evidence for such complexes was presented other than a re- 
port (1) that nucleotides caused partial quenching of the fluorescence of 
proflavine. 

In the present paper evidence for the reversible interaction of quinacrine 
with nucleotides is presented, and the association exponents are evaluated 
by partition equilibrium. The data indicate that some of the biological 
antagonisms between quinacrine and various adenine nucleotides prob- 
ably cannot be attributed to the formation of complexes between these 


* Aided by a grant from the Research Corporation. The spectrophotometer used 
in this work was loaned to us by the American Philosophical Society. 
1 Quinacrine is’ 2-methoxy-6-chloro-9-(1’-methyl-4’-diethylaminobutylamino) acri- 
dine. 
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compounds. On the other hand, the strength of the binding is such that 
it may be a factor of importance in the distribution of quinacrine among 
the tissues and fluids of animals receiving this compound. The partition 
equilibrium method appears to offer possibilities for a general study of 
reversible interactions between small molecules in aqueous solutions. 
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Fig. 1. Spectrophotometric absorption curves for quinacrine in phosphate buffer at 
pH 6.5, ionic strength 0.1, and 25°. Curve 1, in the absence of adenylates and nucle- 
ates; Curve 2, in the presence of 0.02 m adenosine-5’-phosphate; Curve 3, in the pres- 
ence of yeast ribonucleate (500 y of nucleate phosphorus per ml.) ; Curve 4, in the pres- 
ence of desoxypentose nucleate of beef spleen (50 7 of nucleate phosphorus per ml.). 
In each case further addition of adenylate or nucleate produced no further change in 
the absorption spectrum. 





EXPERIMENTAL 


The ionization equilibria exhibited by quinacrine involve two principal 
processes 


*HB-B’Ht = Ht + B-B’Ht (1) 
B-B’H* = Ht + B-B’ (11) 


in which B represents the ring nitrogen and B’ the diethylamino nitrogen 
of the side chain. The ionization exponents (pK’; and pK’: for Processes 
I and II, respectively) have been reported previously (8). The interaction 
of quinacrine with nucleotides was studied in the range of pH 6.5 to 9, in 
which quinacrine exists in aqueous solutions principally as the species 
+HB-B’H+ and B-B’H+. At pH values at which the species *HB-B’H* 
predominates, there is a shift in the absorption spectrum of this species 
when adenosine-5’-phosphate is added to the solution at constant pH (Fig. 
1). The shift produced by adenylate is small in comparison with the large 
changes in the absorption spectrum of quinacrine which result from the 








addi 
Con 
tera 
dire 
of n 
tion 
of tl 
presi 
the | 
volv 

Tl 
betw 
aque 
butic 
coeff 
of th 
tides 
The 
the a 
the u 
equa’ 


in wl 
in th 
taine 
quing 
phase 


By si 
appar 
lowin, 
in the 


in wh: 
rium. 
The y 





r at 
icle- 
yres- 
yres- 
nl.). 
ze in 





sipal 


(1) 
(11) 


‘ogen 
esses 
ction 
9, in 
yecies 
B’H* 
yecies 
(Fig. 
large 
n the 





J. L. IRVIN AND E. M. IRVIN 47 


addition of the sodium salts of ribonucleic acid or desoxyribonucleic acid. 
Consequently, it did not appear to be feasible to evaluate the possible in- 
teraction between quinacrine and adenine nucleotides by means of the 
direct spectrophotometric method which we applied successfully in the case 
of nucleic acid (9-11). However, a partition equilibrium method, men- 
tioned in a preliminary paper (9), has been developed for the evaluation 
of the interactions. The methods and equations for partition equilibrium 
presented by Karush (12) could not be used in the present case because of 
the added complication of the proton equilibria (Processes I and II) in- 
volving quinacrine. 

The partition equilibrium method involved the distribution of quinacrine 
between an organic solvent (ethylene chloride or petroleum ether) and 
aqueous buffers with and without nucleotides. The data for the distri- 
bution in the absence of nucleotides were used to calculate the distribution 
coefficient, K’az, for quinacrine, and this value was used in the calculation 
of the association exponents for the interaction of quinacrine with nucleo- 
tides from the data for the distribution in the presence of nucleotides. 
The data indicate that, either in the presence or absence of nucleotides in 
the aqueous phase, the species of quinacrine in the organic solvent phase is 


the uncharged species, B-B’. The distribution coefficient is defined by the 
equation 


[B-B’]. 
= (BB, (1) 


ai 
d 





in which [B-B’], and [B-B’], are the molar concentrations of this species 
in the organic and aqueous phases, respectively, when equilibrium is at- 
tained. In the absence of nucleotides, the total molar concentrations of 
quinacrine at equilibrium in the aqueous phase, S,, and in the organic 
phase, S,, are given by Equations 2 and 3. 


S, = [B-B’]. (2) 
S, = [*HB-B’H*], + [B-B’H*], + [B-B’]. (3) 


By simultaneous solution of Equations 1 to 3 with the equations for the 
apparent ionization constants, K’; and K’s, stated previously (8), the fol- 
lowing equation is obtained for the case of the distribution of quinacrine 
in the absence of nucleotides 


_ SA(H*)? + K’x(H+) + K'K’s] 4) 
: SaK’1K’s 





in which (H+) is the hydrogen ion activity in the aqueous phase at equilib- 
rum. Equation 4 is the working equation for the evaluation of K's. 
The values of S, and S, are determined by spectrophotometry, and (H*) 
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is calculated from pH values determined with a glass electrode and po- 
tentiometer by methods described previously (8). For the presentation 
of data at various values of pH, it is convenient to express the ratio of the 
total amount of quinacrine in the organic phase, S,V,, to the total amount 
in both phases, R. If V, and V, are the volumes in ml. of the organic and 
aqueous phases, respectively, and FR is expressed in millimoles, the equa- 
tion 1s 

















SV.+ SVa=R (5) 
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Fig. 2. The distribution of quinacrine between organic solvents and aqueous buffers 
in the presence and absence of adenylic acid a (adenosine-2’-phosphate) at 25° and 
ionic strength0.1 with Ve = V, = 10ml. O, ethylene chloride as solvent and aden- 
ylate absent; @ , petroleum ether as solvent and adenylate absent; A, petroleum ether 
as solvent and adenosine-2’-phosphate present in aqueous phase at a concentration 
of 0.01 m. Curves 1 and 2 are theoretical curves drawn according to Equation 6 with 
K’,; = 1.78 X 10-8, K’s = 5.62 X 10", and K’g = 1.6 X 105 (Curve 1) and 1.99 X 108 
(Curve 2). Curve 3 is the theoretical curve drawn according to Equation 11 with K’, 
= 1.99 X 103, T = 0.01 m, and k’; = 7.08 X 102. 


For a series of distributions in the absence of nucleotides and when V, = 
V. = aconstant, Equation 6 can be obtained from Equations 4 and 5. 
. K'1K’2K'4 
R — [(H*)? + K’,(H*+) + KK’) + K4K’2K'a 








(6) 


Dataare presented in Fig. 2 for the distribution of quinacrine between phos- 
phate buffers of ionic strength ([/2) 0.1 and petroleum ether? or ethylene 
chloride.* The experimental data over a wide range of pH conform closely 
to theoretical curves drawn according to Equation 6; this indicates that 
the formulation is valid and that the value of K’a is independent of the pH. 

The data which will be presented in this paper indicate that when nucleo- 


2 Boiling range, 90-100°. 
3 Distillation Products Industries, practical grade. 
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tides are present in the aqueous phase the anionic species of these com- 
pounds interact reversibly with the species *HB-B’H* of quinacrine, but 
not with B-B’H* or B-B’. If the doubly charged anionic species of the 
nucleotide is represented by A= and the species +HB-B’H* of quinacrine 
is designated as L for simplification of the notation, the process for the 
interaction is assumed to be as follows. 


L+A"=LA (IIT) 


The apparent association constant, k’s, for the equilibrium state of Pro- 
cess IIT is 


[LAle 
* = TMA. @) 


Al 


in which [], represents the molar concentration of the enclosed species in 
the aqueous phase at equilibrium. The equations for the total molar con- 
centration of quinacrine in aqueous and organic phases, S, and S,, and for 
the total concentration of nucleotide, 7’, are as follows. 


S. = [Ll]. + [LA]. + [B-B’H*], + [B-B’]. (8) 
S, = [B-B’]. (9) 
T = |A™Ja + [LAl]e (10) 


By simultaneous solution of Equation 1 and Equations 7 to 10 with the 
equations for K’; and K’s stated previously (8), Equation 11 is obtained for 
the case of the distribution of quinacrine in the presence of a nucleotide at 
a value of pH at which the nucleotide exists solely as a doubly charged 
anion. 

- K'K'2K’al K1K'2K’aS. — SoA(H*)? + K’s(H*) + K'sK’s]} 


2 = —— - — — (11) 
© So(H*)*{K'K'2K'aT — K'1K'2K'aSa + So{(H*)® + K’(H*) + K'sK’s)} 33 








The total amount of quinacrine in both phases is given by Equation 5. 
Equation 11 can be used for the evaluation of k’». 

It was desirable to formulate the possible interaction of +HB-B’H*, 
again symbolized as L, with the singly charged anionic species of nucleo- 
tides, HA~, although with the nucleotides which we have studied the inter- 
action with this species was too weak for accurate evaluation. The pro- 
cess for this interaction is assumed to be 


L + HA” = LAH (IV) 
The apparent association constant, k’,, for this process at equilibrium is 
given by Equation 12. 


, . LAH. 


= THAIe 2) 
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When the pH is such that the nucleotide exists solely as the species HA- 
(either free or bound to L), then k’; can be substituted for k’. in Equation 
11 with the reservation that in this case 


T = [HA-], + [LAH]. (13) 


At some intermediate pH at which both HA~ and A™ are present, we can 
define an apparent association constant, k’;, as follows: 


(LAla + [LAH]. 
((Avle + [HAM]a)[Lla 


, 


: 


(14) 


The concentrations of species LA and LAH are negligible with respect to 
A= and HA~ when T is kept large in relation to S. Under these conditions 


T = |HA-] + [A7] (15) 
and 
kb =k Rss k's — F) (16) 


i es m — ( 
1+ GP + Kas 


In Equation 16, K’,, is the second ionization constant for the phosphate 

group of the nucleotide. Recent values of these ionization constants for 

various adenine nucleotides have been given by Alberty et al. (13). Equa- 

tion 16 can be expressed. in the following logarithmic form. 
Ws — Bi 


pH = pK’, + log — 


(17) 
k's ‘v. k'; ‘ 


The distribution experiments were carried out in glass-stoppered test- 
tubes. The organic solvent was petroleum ether? in most experiments, 
but ethylene chloride* was used in a few cases. No difference was observed 
in the values of the association constants determined by partition equilib- 
rium with these two organic solvents. The ionic strength of the aqueous 
phase was 0.1 in each case, and the temperature was 25° + 0.5°. Phos- 
phate buffers were used in the majority of the experiments, but borate 
buffers were employed at the higher pH values. In the pH range in which 
these buffers overlap, the values of K’s and k’, were independent of the 
type of buffer used. Equilibrium was established by shaking the tubes 
for 10 minutes. The two phases usually were allowed to separate by 
gravity, but in a few cases centrifugation was employed. The concentra- 
tions of quinacrine in the separated phases were determined with a Beck- 
man spectrophotometer, model DU. For this purpose the separated aque- 
ous phase was brought to pH 4 by addition of acid to insure quantitative 
conversion of the quinacrine to the species tHB-B’H*+. The quinacrine in 
a sample of the organic phase was determined by quantitative extraction 
into 0.1 N HCl prior to spectrophotometry. 
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The samples of adenylic acid a and b were obtained from Dr. Waldo E. 
Cohn, and we are indebted to him for this gift. _Adenosine-5’-phosphate 
was a highly purified sample obtained from the Ernst Bischoff Company. 
Adenosinetriphosphate was isolated as the barium salt from rabbit muscle 
by the method of Le Page (14). After removal of barium and conversion 
to the sodium salt, the concentration of adenosinetriphosphate was deter- 
mined by analysis for labile phosphate and by ultraviolet spectrophotome- 
try. Quinacrine dihydrochloride was obtained from the Sterling-Win- 
throp Research Institute. 

DISCUSSION 

Typical data are presented in Fig. 2 for the distribution of quinacrine 
between organic solvents and aqueous buffers with and without adenylic 
acid a. The locations along the pH axis of the sigmoidal curves for the 
plots of S.V./R versus pH are related to the value of K’z. Thus for the 
distributions in the absence of adenylic acid, the mid-point of the curve is 
at pH 6.43 when the solvent is ethylene chloride (K’g = 1.60 X 105), and 
the mid-point is at pH 7.45 when the solvent is petroleum ether (K’a = 
1.99 X 10%). The partition can be considered to involve a competition 
between hydrogen ions and the organic solvent for removal of the species 
B-B’ of quinacrine. It is of interest to note that the distribution coeffi- 
cients for the partition of quinacrine between aqueous buffers and various 
neutral lipides have values which are between those for ethylene chloride 
and for petroleum ether. For example, K’s = 3.4 X 10° for the distribu- 
tion of quinacrine between phosphate buffers and olive oil. The distribu- 
tion conforms to Equation 4, and it can be concluded that it is principally 
the species B-B’ which enters the lipide phase. The large distribution 
coefficient in favor of the lipide phase possibly is a significant factor in the 
distribution of quinacrine among the various organs and tissues of animals 
receiving this chemotherapeutic agent. The concentration of quinacrine 
is particularly high in organs, such as liver (15), which have a large lipide 
content. 

When adenylate anion is present in the aqueous phase, there is a shift, 
toward higher pH values, of the mid-point of the plot of S,V./R versus 
pH for a given solvent pair (Fig. 2). The binding of the species *HB-B’H+ 
of quinacrine by adenylate anion causes a shift in the equilibrium and a 
decrease in the concentration of the species B-B’ in the non-aqueous phase 
at a particular value of pH in comparison with the distribution in the 
absence of adenylate anion. A theoretical curve drawn according to Equa- 
tion 11 conforms well with the experimental data for the distribution of 
quinacrine in the presence of adenylate (Fig. 2). 

Data are presented in Table I for the interaction of quinacrine with aden- 
osine-5’-phosphate. The data of Fig. 2 and of Table I are typical of the 
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results obtained with each of the various adenine nucleotides for which as- 
sociation exponents for interaction with quinacrine are recorded in Table 
II. The approximately 2-fold difference in the strength of binding of 
quinacrine to adenylic acids a and b is of interest in connection with the 
structure of these isomers. Khym et al. (16) have presented evidence that 


TABLE I 
Binding of Quinacrine by Adenosine-5'-phosphate 
Data determined by distribution between phosphate buffers and petroleum ether 
at 25° and f/2 = 0.1. Ineach case Vz = V, = 10.0 ml., and K’, = 1.99 X 103. 





pH T X 108 Sa X 105 So X 105 Log k’2 
M M M 
7.34 5.00 7.35 2.49 2.45 
7.35 5.00 7.28 2.69 2.42 
7.56 5.00 5.40 4.56 2.45 
7.71 10.00 4.60 5.48 2.41 
7.97 10.00 2.57 7.66 2.50 
8.50 10.00 0.44 9.54 2.41 


Average 2.44 


TaB_e I] 
Apparent Association Exponents for Interaction of Quinacrine with Fully Ionized 
Species of Various Nucleotides 


Temperature, 25°; T'/2 = 0.1. 


Nucleotide | Log k’2 
Adenylic acid a 2.85 
“ “eb 2.50 


~ 


Adenosine-5’-phosphate 
Adenosinetriphosphate 


bt 


86* 


* In the case of adenosinetriphosphate k’, refers to the binding of quinacrine to 
the fully ionized anion which in this case would have a negative charge of 4 units. 


adenylic acids a and b are adenosine-2'-phosphate and adenosine-3’-phos- 
phate, respectively. The order of the strength of binding of quinacrine 
by the three adenosinephosphate isomers is as follows: 2’ > 3’ > 5’. This 
is the inverse of the order of the mean square distance separating the phos- 
phate group from the adenine ring system in the three isomers. Our hy- 
pothesis concerning the structure of the complex is that the primary bond 
between quinacrine and adenylate anion is an electrostatic bond between 
the species *HB-B’H* of the former and the ionized phosphate group of 
the latter, but that this bond is supplemented by van der Waals’ forces of 
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attraction between the planar aromatic ring system of quinacrine and the 
planar ring system of adenine. Furthermore, there may be hydrogen 
bonding joining 2 of the nitrogen atoms of adenine (the ring nitrogen at 
position 3 and the amino nitrogen at position 6) to 2 of the nitrogen atoms 
of quinacrine (the ring nitrogen and the amino nitrogen at position 9). 
Such hydrogen bonding at two points would be sterically possible because 
of the nearly equal distances separating these respective nitrogen atoms in 
the two compounds and because of the closeness of approach which would 
be permitted by the planarity of the two ring systems. The special benze- 
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Fig. 3. Apparent association constants for the binding of quinacrine by adenosine- 
5’-phosphate at values of pH at which the adenylate anion exists as two species, HA~ 
and Am. The line is the theoretical one drawn according to Equation 17 with the fol- 
lowing values of the constants: pK’a: = 6.05; k’; = 9; k’s = 275.4. 


noid-quinonoid resonance exhibited by 9-aminoacridines (8, 17, 18) causes 
both the ring nitrogen and the 9-amino nitrogen of quinacrine to partake 
of the single positive charge which is attached to the acridine ring in the 
species tHB-B’H*. This distribution of the charge would favor hydrogen 
bonding at both points. It would be expected that the stability of the 
complex would be decreased as the distance of separation of the negative 
charge on the adenylate anion from the adenine ring system is increased, 
inasmuch as the negative charge would tend to draw the positively charged 
acridine ring away from the adenine ring system and thus to decrease the 
total strength of binding of the complex. 

Data are presented in Fig. 3 for the apparent association constants for 
the binding of quinacrine by adenosine-5’-phosphate in the pH range in 
which the adenylate anion exists as two species, HA~ and Am. Values of 
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k’;, were calculated from distribution experiments in which ethylene chloride 
was the organic solvent. The theoretical line drawn according to Equation | 
17 conforms well with the experimental data. Binding to the species HA-| 
is weak, and a high degree of accuracy cannot be claimed for the value of | 
k’; which was used in constructing the theoretical curve of Fig. 3. How. 
ever, this value of k’; probably is of the proper order of magnitude. The 
binding of quinacrine to species HA~ of adenosine-2’-phosphate and of 
adenosine-3’-phosphate also is weak and is of the same order of magnitude 
as the binding of quinacrine to that species of adenosine-5’-phosphate, 
The strength of binding of quinacrine to species A= of these nucleotides 
(corresponding to k’.) is approximately 30- to 40-fold greater than the 
strength of binding to the species HA~ in each case. This emphasizes the 
importance of the electrostatic factor in the formation and stabilization of 
the complex. The relationship between k’; and k’, can be calculated from 
the theory of Debye and Hiickel (19) as applied by Scatchard (20). 


i 
i 
: 


=—> =e (18) 


In Equation 18, k is the intrinsic association constant in the absence of the 
electrostatic factor, w is the electrostatic coefficient, and the number 3 is 
the difference between the squares of the valencies of species Am and HA-, 
respectively. By means of the formula for w given by Scatchard (20), we 
have calculated a value of 1.25 for w at 25° and ionic strength 0.1 for the 
interaction of adenylate anion with the doubly charged cationic species of 
quinacrine. With this value of w, k’,/k’; = 43. This calculated ratio of 
the constants is in fairly good agreement with the determined ratio in view 
of the uncertainties involved in applying the Debye-Hiickel approximation 
to the case of ions which are not spherical in shape. 

The significant difference between the strength of binding of quinacrine 
to adenosine-5’-phosphate and to adenosinetriphosphate (Table IT) prob- 
ably is attributable to the greater electrical charge on the latter anion, but 
from a quantitative standpoint the difference is considerably less than 
would be expected on this basis. However, there is an opposing factor in- 
volved, namely that the distance separating the center of the negative 
charge from the adenine ring system is greater in adenosinetriphosphate 
than in adenosine-5’-phosphate, and in the cases of the other adenylates 
this factor has been shown to weaken the stability of the complex. 

Although the electrostatic factor is important in the formation of com- 
plexes between quinacrine and adenylate anions, it should be emphasized 
that it is not the only factor involved. That this is true is indicated by the 
fact that there is no binding of this type between quinacrine and inorganic 
phosphate anions, although there is electrostatic interaction between these 
ions. It was of interest to determine whether quinacrine is bound by nu- 
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cleotides other than adenylates. Preliminary determinations with a com- 
mercial sample (Schwarz Laboratories, Inc.) of guanylic acid yielded a 
yalue of 2.3 for log k’, for interaction with quinacrine at 25° and ionic 
strength 0.1. This sample of guanylic acid was isolated from hydrolysates 
of yeast ribonucleic acid, and it probably was a mixture of guanylic acids 
aand b. We hope to repeat these determinations with purified prepara- 
tions of the two isomers. However, these preliminary measurements are 
adequate to demonstrate that there is binding of quinacrine by guanylic 
acid, although the strength of the binding is less than that exhibited by 
adenylic acids a and b. The relationship between the binding of quina- 
crine by nucleic acids and by nucleotides was discussed in a previous paper 
(11). 

It is of interest to calculate from our data whether the binding of quina- 
crine by adenylates in the media used in experiments in vitro or in the tis- 
sues and fluids of animals receiving quinacrine is sufficient to provide a 
possible explanation for some of the observations mentioned in the intro- 
duction of this paper. Bovarnick et al. (4) reported that the recovery of 
oxygen uptake by substrate-depleted P. lophurae upon the addition of glu- 
cose is inhibited 75 to 90 per cent by quinacrine at a concentration of 1 X 
10-* m, and this inhibition is substantially reversed by adenosinetriphos- 
phate or by muscle adenylic acid at a concentration of 2.4 X 10-*m. On 
the basis of our data it would be expected that under these conditions the 
concentration of quinacrine bound to these adenylates would be 17 and 
6.5 per cent of the concentrations of free quinacrine for the cases of ATP 
and AMP, respectively. Binding of this magnitude would appear to be 
too small to account for the results of Bovarnick et al., and this conclusion 
is supported by their observation that yeast adenylic acid was ineffective 
in their experiments in contrast to muscle adenylic acid. Green and Stoner 
(7) reported that subcutaneous administration of 0.001 mg. of quinacrine 
per 10 gm. of body weight appreciably increased the percentage of survi- 
vors among mice receiving intravenous injections of 8 mg. of magnesium 
ATP per 10 gm. of body weight. Calculations from our data indicate that, 
although under these conditions the concentration of quinacrine bound to 
ATP would be approximately equal to the concentration of free quinacrine, 
the percentage of the total ATP which would be bound by quinacrine 
would be approximately 0.007. Inasmuch as the binding of ATP is the 
important consideration in this case, we must conclude that the effects 
described by Green and Stoner cannot be ascribed to the binding of ATP 
by quinacrine. On the other hand, the binding of quinacrine by ATP and 
other adenylates is of such strength that it is possible for it to be of some 
importance in the distribution of quinacrine in the tissues of animals re- 
ceiving this compound. Thus, we calculate from our data that in skeletal 
muscle the concentration of quinacrine bound to ATP would be approxi- 
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mately twice the concentration of free quinacrine. However, the binding 
of quinacrine to adenylates is much weaker than the binding of this and 
related 9-aminoacridines to nucleic acids and nucleoproteins, which we 
have discussed previously (11) as a factor of probable importance in the 
distribution of these compounds. Finally, it should be stressed that. bind- 
ing of quinacrine by plasma proteins (21) and the solubility of the species 
B-B’ in lipide phases are also factors which should be considered in connee- 
tion with the problem of the distribution of quinacrine among the tissues 
and fluids of the body. 


SUMMARY 

The reversible binding of quinacrine by various adenylates has been de- 
termined by the method of partition equilibrium. The strength of bind- 
ing is in the following order: adenosinetriphosphate > adenosine-2’-phos- 
phate > adenosine-3’-phosphate > adenosine-5’-phosphate. Quinacrine 
also is bound reversibly by guanylic acid. The binding of quinacrine by 
these nucleotides appears to be too weak to explain some of the reported 
antiquinacrine effects of nucleotides, but it is strong enough to be one of 





the factors involved in the distribution of quinacrine among various tis- 
sues. The partition data also have some bearing upon the distribution of 
quinacrine in the lipide phase of certain tissues. 
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THE EXPANSION OF MONOMOLECULAR FILMS OF 
OVALBUMIN* 


By J. GORDIN KAPLAN anp M., J. FRASERT 
(From the Department of Physiology, Dalhousie University, Halifax, Canada) 


PLATES 1 AND 2 
(Received for publication, March 2, 1954) 


Since monomolecular films of proteins at the air-water interface are only 
§ to 10 A thick, much less than the diameter of the soluble molecules from 
which the film was prepared (1), it is clear that some sort of molecular un- 
folding has occurred. Films of this kind gradually increase in area as they 
are allowed to stand, the usual interpretation of this phenomenon being 
that it is due to progressively more complete unfolding (2), although Gorter 
(3) did suggest that escape of protein into the substratum might be a factor 
in area determinations. 

Studies by Dognon and Gougerot (4) and by us (5) have shown that 
monolayers of “globulins” and of crystalline ovalbumin, respectively, may 
undergo a marked expansion if maintained at constant surface pressure 
during a brief period of ultraviolet irradiation; the area of non-irradiated 
control films increased also during this period, but not nearly to the same 
extent (e.g., Figs. 4 and 5 (5)). If the expansion of the control films is due 
to intramolecular rearrangements, then the effect of the ultraviolet might 
simply be to accelerate the processes which are occurring spontaneously 
(i.e., due to the energy at the interface) in these control films. This is the 
conclusion to which Dognon and Gougerot were led, and which they 
thought they had confirmed by showing that the ultraviolet-induced ex- 
pansion was abolished if the “globulins” were spread from the propanol- 
acetate mixture of Stallberg and Teorell (6); this spreading agent caused 
“perfect and instantaneous spreading”’ of films which did not expand fur- 
ther thereafter (4). We independently came to the same conclusion (5), 
and it has now become our painful duty to show that both we and (prob- 
ably) Dognon and Gougerot were mistaken: the slow expansion of unir- 
radiated films of ovalbumin will be shown to be due not to intramolecular 
events at the interface, but to a progressive migration to the interface of 
protein which had escaped into the bulk phase at the time of spreading. 
Hence, the ultraviolet-induced expansion must be due to some other cause. 


* Aided by grants from the National Research Council (Canada) and the National 
Cancer Institute (Canada). 
+t Graduate Research Scholar, National Research Council (Canada). 
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EXPERIMENTAL 


0.01 per cent ovalbumin solutions were spread on substrata buffered at 
pH 4.85, by use of materials and procedures previously described (5). In 
experiments designed to elucidate the mechanism of expansion of ovalbu- 
min films, two troughs (A and B) and Langmuir surface balances were used, 
both resting on an oaken table mounted on concrete piles. In the case of 
Trough A, at varying times after the protein aliquot was delivered to the 
surface the barrier was advanced until a surface pressure of 1 dyne per cm. 
was registered on the surface balance; the corresponding area was noted 
and the barrier then withdrawn to leave the film completely uncompressed, 
The trough was thereupon shielded with a Plexiglass cover and allowed 
to remain undisturbed for a standard period of 6 hours, at which time the 
barrier was again advanced and the area corresponding to a “pressure” of 
1 dyne per cm. redetermined. With this experimental arrangement, in- 
crements in area could be due to intramolecular rearrangements, to pro- 
gressive migration to the interface of protein originally dissolved in the 
substratum (for the mechanism see Langmuir (7)), or to both. 

In the case of Trough B, a second movable barrier was interposed be- 
tween the mica float of the Langmuir balance and the original barrier at 
the opposite end of the trough. The film was spread between these two 
barriers, and at varying periods thereafter the barriers were approximated, 
thus collapsing the monolayer into a solid fiber (the Devaux effect (8)), 
which was quickly removed from the surface. At this point, advancing 
the second barrier toward the mica float demonstrated the absence of a 
residual film; this barrier was then pushed back to the opposite end of the 
trough which was thereupon covered and allowed to rest for the same stand- 
ard period as was Trough A. Thereafter, this barrier was again advanced 
until a surface pressure of 1 dyne per cm. was registered and the film area 
corresponding determined. With this arrangement, the increment in area 
could be due only to subsequent adsorption -at the interface of molecules 
not initially there, since no film was present at the start of the experimental 
period. The proportion of the area increment on Trough B to that on 
Trough A indicates the extent to which the expansion of ovalbumin films 
is due to migration of originally dissolved molecules: a low value ((B/A) X 
100 where B is the increment on Trough B, A that on Trough A) would 
show that this process was unimportant, whereas a value of 100 per cent 
would show that further unfolding of molecules at the interface had not 
occurred at all and that the expansion was due exclusively to subsequent 
adsorption of dissolved molecules. That migration of protein from bulk 
to interface might be a factor in area determinations has already been 
suggested by Langmuir (7) and by Cockbain and Schulman (9); experi- 
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mental evidence directly bearing on this point has not as yet been pre- 
sented. 

We shall also report certain related experiments. In some, the above 
procedures were carried out on a trough substratum buffered (McIlvaine) 
at pH 7.0. In others, area changes were observed at a constant surface 
pressure of 1 dyne per cm. during 15 minute periods of ultraviolet irradia- 
tion of films which had been allowed to stand at the interface for varying 
periods prior to irradiation; these films had been spread on saline substra- 
tum at pH 4.85. Still other studies were undertaken on the structure of 
Devaux fibers. Methods of preparing and evaluating these fibers have 
already been presented (5, 10); in the case of fibers prepared from protein 
previously treated with propanol-acetate, ultraviolet, or heat, a large excess 





100 + 
Oo 
oO / 
x 
SOF , 
<x | 
aig 
- = ae 20 
MINUTES 
Text-Fia. 1. Change in ratio of area increments with duration of preliminary period 
(before commencing experiment). A, increase in area on Trough A in 6 hour experi- 


mental period; B, change in area on Trough B during same period. 


was allowed to adsorb at the interface in order to permit recovery of suit- 
ably large fibers. Ultraviolet and heat treatments, as well as subsequent 
spreading, were carried out at pH 2.25 (see Kaplan et al. (11)). In the 
photographs, fibers have been magnified 100 times. 


RESULTS AND DISCUSSION 


Text-fig. 1 represents the variation in the ratio (B/A) X 100 when peri- 
ods of from 1 to 20 minutes were allowed to elapse between spreading the 
films and commencing the experiment (by determining the area at 1 dyne 
on Trough A and by sweeping Trough B free of protein). Standard devia- 
tions are shown for three of the points; this experiment was repeated a year 
later, with a different sample of recrystallized ovalbumin, with identical 
results. If 5 minutes or more were allowed to elapse between spreading 
and beginning the experiment, the changes in area on both troughs were 
identical; if 2 minutes or less, the increment on Trough B was smaller. 
Extrapolation of this curve to 100 per cent suggests that the intramolecular 
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rearrangements occurring in the adsorbed films had terminated approxi. 


mately 2.5 minutes after the spreading operation. Thereafter, all area! 


increments were due to irreversible trapping at the interface of protein 
originally dissolved in the bulk phase. 

When this experiment was repeated with a trough substratum buffered 
at pH 7.0 (7.e., well on the alkaline side of the isoelectric point of ovalbu- 
min, which is 4.9), thus presumably giving a net negative charge to both 
film and dissolved molecules, the ratio (B/A) XK 100 was 122 + 6 at % 
minutes, indicating that at this pH the presence of the film hindered the 
subsequent adsorption of the dissolved molecules. This pH effect, doubt- 
less caused by electrostatic repulsion operating between similarly charged 
film and dissolved molecules, was predicted some years ago by Langmuir 
(7); more data will be required before it can be regarded as established. 

Since in our previous work (5) films were maintained for 20 minutes be- 
fore being irradiated (and since we cannot admit that a brief ultraviolet 
treatment would cause a large and instantaneous increase in diffusion rate 
of dissolved protein), it is clear that the ultraviolet-induced increment in 
film area must have been due to a qualitatively different factor than that 
causing area increase in unirradiated films, this latter being exclusively 
due to migration of fresh protein to the interface. At the start of the ir. 
radiation, these films (5) were not more than 8 to 9 A thick, after correct- 
ing for protein which escaped into the bulk phase (determined by subse- 
quent expansion of control films during the 8 hour experimental period) 
and assuming a film density of 1.3 (1). Hence, it appears that stable, non- 
expanding, unfolded molecules of ovalbumin are capable of additional ex- 
pansion on ultraviolet irradiation, doubtless due to rupture of certain of 
the weak valence bonds which normally restrain the soluble molecule to its 
highly specific, tightly rolled up configuration and which were evidently not 
destroyed by the interfacial forces responsible for the initial unfolding. 
Evidence which favors this interpretation has been presented in another 
study (11), where a short period of ultraviolet irradiation, causing a non- 


proteolytic structural modification of ovalbumin in dilute solution, permit- } 


ted an aliquot to occupy a larger area than did the control when subse- 
quently allowed to spread at the air-water interface; structural modification 
by heat causes ovalbumin (12) and other proteins (13) to spread to larger 
areas than they normally occupy. 

How may we then reinterpret the findings of Dognon and Gougerot,! 
showing that ultraviolet cannot expand “globulin”? monolayers which were 
spread from the propanol-sodium acetate mixture and which did not ex- 

' It was unfortunately not possible to reproduce the experimental conditions of 


these authors, since they did not specify either the nature or the concentration of the 
‘‘globulins’’ used in their otherwise interesting work. 








pand 
sprear 
sodiw 
struct 
the p! 
no sp 
by ul 
woul 

Th 
(0.01 
tions 
has, | 
great 


Tu 
sodiw: 
Melly 


Distil 
Prop: 


selve 
whic 
not ¢ 
Pr 
with 
Dev. 
l,a 
of a 
less 
(10) 
from 
gran 
prey 
oval 
el al 
and 
subs 


Droxi- 
area & 


rotein 


ffered 
ralbu- 
both 
at 20 
d the 
oubt- 
arged 
yMUuir 
ed. 

ps be- 
violet 
1 rate 
nt in 
1 that 
sively 
he ir. 
rrect- 
ubse- 
riod) 
, non- 
al ex- 
4in of 
to its 
'y not 
ding. 
other 
_ non- 


rmit- } 


ubse- 
ation 
larger 


erot,! 
were 
ot eX- 


ons of 
of the 





J. G. KAPLAN AND M. J. FRASER 61 


pand spontaneously at the interface? We may speculate that, if this 
spreading mixture (final concentrations: propanol, 60 per cent by volume; 
sodium acetate, 0.57 M; protein 0.01 to 0.1 per cent) were to have caused a 
structural modification of the kind produced by heat and ultraviolet, then 
the protein should no longer be soluble in an isoelectric substratum (hence 
no spontaneous expansion) and its films might be incapable of expansion 
by ultraviolet since those linkages initially attacked by the ultraviolet 
would have already been destroyed prior to spreading. 

The effect of the propanol-acetate mixture on the solubility of ovalbumin 
(0.01 per cent) is shown in Table I; the increase in turbidity of the solu- 
tions after dialysis against isoelectric buffer shows that this spreading agent 
has, indeed, caused a structural rearrangement of this protein which has 
greatly reduced its solubility. Furthermore, Stallberg and Teorell them- 


TABLE I 
Insolubility after Propanol-Acetate Treatment 


Turbidities of 0.01 per cent ovalbumin solutions in distilled water and in propanol- 
sodium acetate mixture, before and after overnight dialysis at 4° against 0.05 m 
McIlvaine buffer, pH 4.85. Average of four determinations presented. 


Turbidity (Klett units) 


Protein in 
Non-dialyzed Dialyzed 
Distilled water 0 0 


Propanol-acetate 25 109 


selves called attention to the instability of ovalbumin and other proteins, 
which they showed were “denatured” by their spreading agent (6); this is 
not astonishing in view of its composition. 

Proof that this spreading agent alters the character of the films obtained 
with its use was obtained by study of the structure and properties of the 
Devaux fibers recovered after compression of the protein monolayers. Fig. 
1, a shows a typical control fiber prepared directly from a 20 minute film 
of a fresh solution of ovalbumin; the entire fiber is composed of more or 
less paralle) fibrils which are the regions of folding, or buckling, of the film 
(10). In Fig. 1, b is shown the appearance of a very fragile fiber prepared 
from a film of ovalbumin spread from propanol-acetate; it resembles a 
granular gel devoid of all fibrillar substructure and quite similar to fibers 
prepared from urea-treated protein (10). The effect of pretreatment of 
ovalbumin solutions with ultraviolet (0.5 hour; for conditions see Kaplan 
eal. (11)) and heat (0.5 hour in boiling water bath) is shown in Fig. 1, c 
and Fig. 2, d, respectively; the fibers are weak and puny and the fibrillar 
substructure has largely disappeared, being replaced by a disordered ir- 
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regularity never observed in fibers prepared from intact protein. Hence, 
films of propanol-acetate-, heat-, and ultraviolet-treated protein are struc- 
turally different from films of untreated protein. 

If such control films are allowed to stand at 0 dyne at the air-water inter- 
face for 3 days, they produce a structureless, granular, non-birefringent 
fiber, as shown in Fig. 2, e, characteristic of those produced by the action 
of urea (10); 0.01 per cent solutions allowed to stand near the trough are 
much more resistant to change, but produce fibers like that shown in Fig. 
2, e after standing for about 10 days, even in the presence of a drop of tolu- 
ene. This structural modification of film molecules upon standing, re- 
vealed by changes in the properties of the fibers, is probably the cause of 
the finding of Dognon and Gougerot (4) that films which have been allowed 


TaBe [I 
Effect of Prior Aging on Change of Film Area Induced by Ultraviolet 
Per cent area changes (corrected for expansion of controls) of films which had been 
allowed to stand for varying periods prior to 15 minutes irradiation. Films were 
spread on saline substratum, as in Kaplan and Fraser (5). Standard deviations 
shown; significance determined by ¢ test (Fisher and Yates (19)). 





oe . wr Area change of irradiated minus 
Period spent at interface before No. of determinations change of unirradiated control 
irradiation (per cent) 
A. 20 min. 10 +1.3+4+ 1.2 
B. 6 hrs. 8 +0.7 + 1.1 
C. 16-20 hrs. 4 —-1.0 + 0.4 


Difference between Periods A and B insignificant, even at 10 per cent level. 
Difference between Periods B and C significant at 1 per cent level. 


to age lose their ability to undergo further expansion upon ultraviolet treat- 
ment. Table II demonstrates that films which had been aged for 6 hours 
prior to ultraviolet treatment were still able to increase their area. After 
16 hours of aging, ultraviolet-induced area increments did not occur. 

The fact that the microscopic, optical, and tensile properties of fibers 
formed from films spread from untreated protein differed characteristically 
from those formed from “denatured” protein (7.e., rendered insoluble at 
the isoelectric point by pretreatment with heat, urea, ultraviolet, pro- 
panol-acetate, etc.), in that they were much larger and stronger, possessed 
a positive birefringence even when dry, and showed a regular fibrillar sub- 
structure, lends confirmation to the remark of Astbury (14) that these 
fibers “are, in a way, rough crystals ... made by pressing the polypeptide 
chains into parallel bundles.”” However, this fact cannot be reconciled 
with the view of Neurath, Greenstein, Putnam, and Erickson (15) that 
protein spread in monomolecular films has undergone a more complete loss 
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of specific structure than protein “denatured” by other agents, such as 
urea. The view which we have put forward (10), that “interfacial unfold- 
ing leaves the protein molecule with a measure of two-dimensional speci- 
ficity not to be found following modification with other agents,” is sup- 
ported by the present data, showing that films capable of being expanded 
by a brief period of ultraviolet irradiation had ceased intramolecular re- 
arrangement. It appears that certain of the weak linkages, which restrain 
the soluble protein to its rolled up, highly specific configuration and which 
are destroyed by agents such as ultraviolet, heat, etc., have not been af- 
fected by the unfolding of the protein into stable films at the air-water 
interface. Consequently, we feel that there is now a reasonable physico- 
chemical basis for the hypothesis previously put forward (16, 17) that 
certain enzymes within living cells exist adsorbed unfolded at intracellular 
interfaces, since, even at the high energy interface between air and water, 
protein molecules have been less drastically deformed than those treated 
by “denaturing” agents, which usually cause loss of specific biological ac- 
tivity. That fully unfolded protein may, in fact, retain biological activity 
has been indicated by a fairly extensive literature (cited in Kaplan (18)). 


SUMMARY 


The intramolecular unfolding of ovalbumin molecules at the air-water 
interface has, under the conditions of these experiments, ceased before the 
lapse of 5 minutes from completion of the spreading operation. There- 
after, increases in film area were due to migration to and adsorption at the 
interface of molecules which had escaped into the bulk phase during de- 
livery of the protein to the aqueous surface. The action of ultraviolet on 
films which had rested 20 minutes before irradiation, previously shown to 
cause increase in film area at constant surface pressure, must have been to 
destroy bonds which resisted destruction at the time of interfacial unfold- 
ing, thus opening up the molecule further. It is concluded from this, and 
from studies of the structure of the Devaux fibers made from collapsed 
films spread from protein previously treated with “denaturing” agents 
(heat, ultraviolet, propanol-acetate), that modification by these agents is a 
far more drastic intramolecular rearrangement than that which follows un- 
folding at the air-water interface. Thus it is no longer necessary to imag- 
ine that protein molecules, though stably unfolded into monomolecular 
films at interfaces of high energy, need have lost all of that part of their 
specificity which resides in their manner of being folded and held together 
by weak valence forces. Consequently, it is permissible to hypothesize 
the existence of protein unfolded at some interface (doubtless of lower en- 
ergy, such as oil-water) within the living cell, either temporarily as a tem- 
plate for synthesis, or permanently in the case of some enzymes. 
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EXPLANATION OF PLATES 


PLATE 1 


Fic. 1. Appearance of Devaux fibers: films spread from (a) untreated ovalbumin 
solution, and from ovalbumin solutions pretreated with (b) propanol-acetate spread- 
ing mixture, and (c) brief ultraviolet irradiation. Magnification, 100 X. 


PLATE 2 


Fig. 2. Appearance of Devaux fibers: (d) film spread from ovalbumin solution pre- 
treated with heat; (e) film spread from untreated solution, but allowed to age 3 days 
before compression. Magnification, 100 x. 
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ADENOSINETRIPHOSPHATE-CREATINE 
TRANSPHOSPHOR YLASE 


III. KINETIC STUDIES* 


By STEPHEN A. KUBY,t LAFAYETTE NODA, anp HENRY A. LARDY 


(From the Institute for Enzyme Research and the Department of Biochemistry, 
College of Agriculture, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, October 14, 1953) 


Very few kinetic data have been previously reported for the enzyma- 
tically catalyzed reaction,! 
ATP-Cr 
ATT + SS AP 4 Ow 2 
transphosphorylase 





The work of Lohmann (1) and Lehmann (2) with crude extracts indicated 
that Mg** was probably required for the activity of the transphosphorylase. 
Banga (3) reported that, with a partially purified preparation of the en- 
zyme, the velocity apparently reached a maximum at about pH 9.0 in 
borate buffer, but she did not state whether a divalent cation, e.g. Mg*, 
was included in the reaction mixture. Askonas (4) recently reported the 
interesting inhibitory effect of thyroxine on her partially purified prepara- 
tions of the transphosphorylase. 

The present kinetic studies with crystallized ATP-Cr transphosphorylase 
(5) were designed to cover as broad a scope as possible in the hope of laying 
a foundation which would be helpful for future kinetic work. Therefore, 
whereas some interesting kinetic properties were studied in detail, others 
were only superficially studied. 


Results 


Effect of Enzyme Concentration on Reaction Velocity—The initial velocity 
is directly proportional to the enzyme concentration (Fig. 1) over the 
20-fold range studied. 


Effect of pH on Reaction Velocity—The initial velocity is a function of 


* Supported in part by grants from the United States Public Health Service, the 
Life Insurance Medical Research Fund, and the Office of Naval Research. 

t Present address, Johnson Research Foundation, University of Pennsylvania, 
Philadelphia. 

' The following abbreviations are used: ATP, adenosinetriphosphate; ADP, ade- 
nosinediphosphate; AMP, adenosinemonophosphate; Cr ~ P, creatine phosphate; 
Cr, creatine; Pj, inorganic phosphate; Tris, tris(hydroxymethy!)aminomethane. 
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the pH and the buffer species, as shown in Figs. 2 and 3.2. In the forward 
reaction, ATP + Cr— ADP + Cr ~ P, a maximum appears to be reached 
at about pH 8.8 to 9.0 which is independent of the three buffers investi- 
gated (Fig. 2). However, the velocity at its maximum appears to be 
highest in glycylglycine, somewhat less in glycine, and very much less in 
histidine. 
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Fig. 1. Effect of enzyme concentration on reaction velocity at 30°. The reaction 
mixture contained 0.004 m ATP, 0.004 m MgSO,, 0.024 m creatine, and 0.096 glycine, 
pH. 9.0. 

Fic. 2. Effect of pH on the initial velocity of the forward reaction at 30°. Reac- 
tion mixture as in Fig. 1 except for the following buffers: Curve 1, 0.096 m glycine; 
Curve 2, 0.096 M glycylglycine; Curve 3, 0.096 m histidine hydrochloride. The pH 
indicated is that of the complete reaction mixture measured during the approximate 
course of the initial velocity of the reaction. 


In the reverse reaction, ADP + Cr ~ P — ATP + Cr, a maximum is 
reached at approximately pH 6.9 to 7.0 in either glycylglycine, 6-glycero- 
phosphate, or Tris buffer; the velocities in the latter two buffers are much 
lower than in glycylglycine (Fig. 3). However, in histidine, the pH opti- 
mum is shifted to about 6 to 6.2, and the velocity at its maximum is about 
20 per cent higher than in glycylglycine. These effects of the buffer may 
result from different degrees of Mg complex formation (Noda et al. (6)). 


2 The velocity comparisons presented at different pH values and with different 
buffers may or may not be theoretically sound. Strict comparisons probably should 
be made at maximal velocities for each pH in each buffer, because of the possibility 
of a variation in A, of the substrates with pH and buffer species. In the case of the 
forward reaction, the conditions used for comparison were those which approached 
maximal velocity for glycine buffer at pH 9. In the reverse reaction, comparisons 
were madé at convenient concentrations of the substrates, which were below maximal 
velocity for glycylglycine buffer at pH 7. 
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Effect of Mg** on Reaction Velocity—One of the most striking effects 
observed in the kinetic studies was the influence of Mg** on the reaction 
velocity. (Compare also the dramatic effect of Mg** on the equilibrium 
(6).) The results for the forward reaction are shown graphically in Figs. 
4 and 5 and for the reverse reaction in Fig. 6. 

For the forward reaction at pH 9.0 three observations are pertinent 
(Fig. 4). The normal rectangular hyperbolic relation between cofactor 
and velocity does not hold. For each initial concentration of ATP, a 
maximal velocity (dependent upon the initial ATP concentration) is 
reached when the magnesium concentration is equal to the initial ATP 
concentration. With increasing magnesium concentration the velocity 
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pH of REACTION MIXTURE 
Fig. 3. Effect of pH on the initial velocity of the reverse reaction at 30°. The re- 
action mixture contained 0.002 m ADP, 0.002 m Cr ~ P, 0.004 mM MgSO,, and the fol- 
lowing buffers: Curve 1, 0.120 m glycylglycine; Curve 2, 0.120 m 8-glycerophosphate; 
Curve 3, 0.120 m Tris (SO,7); Curve 4, 0.120 m histidine hydrochloride. The pH 
indicated is that of the complete reaction mixture measured during the approximate 
course of the initial velocity of the reaction. 





drops and asymptotically approaches another constant value about 25 per 
cent below that of the maximum. Addition of ADP, a reaction product, 
does not alter the 1:1 ratio of ATP:Mg required for maximal velocity 
(Fig. 5). 

For the reverse reaction at pH 7.0, maximal velocities tend to be reached 
at a magnesium concentration somewhat above the initial concentration 
of ADP (Fig. 6). Increasing the Mg*t* concentration far above that re- 
quired for maximal velocity depresses the velocity. The degree of the 
downward trend is dependent upon the initial ADP and Cr ~ P concen- 
tration. (Compare Curve 5 with Curve 4 in Fig. 6. In the latter case, 
at 0.030 m Mg** the velocity is only about one-half of its maximum and the 
trend is still downward.) Since at all substrate concentrations the velocity 
is near maximum with 0.008 m MgSO,, this concentration was employed in 
the studies of the effect of substrate concentration on the reverse redaction. 
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For the forward reaction at pH 9.0, holding the concentrations of ATP 
and Cr at 0.004 m and 0.024 , respectively (see the following section for 


the effect of substrate concentration), and varying the Mg* below the | 


ratio of 1 Mg**:1 ATP yielded a “dissociation constant” of about 6 & 107 
M. This is approximately the same value as was obtained for K, of ATP 
(5 & 10 m). 

For the reverse direction at pH 7.0, a value of 2 X 10-* m was obtained 
for the “dissociation constant’? of Mg++, compared with 1 x 107 m for 
that of ADP; the difference is only slightly above the experimental error, 
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Fig. 4. Effect of Mg** on the initial velocity of the forward reaction in the pres- 
ence of varying concentrations of ATP. The reaction mixture contained 0.024 x 
creatine and 0.096 m glycine, pH 9.0, at 30°. 

Fig. 5. Effect of Mg** on the initial velocity of the forward reaction, in the pres- 
ence of varying concentrations of ATP and ADP. The reaction mixture contained 
0.024 M creatine and 0.096 m glycine, pH 9.0, at 30°. 


Effect of Substrate Concentration on Reaction Velocity—The reaction is 
complicated by the fact that four substrates (ATP, Cr, ADP, and Cr ~ P), 
as well as Mgt*, are involved. Therefore, aside from all the other variables 
(temperature, pH, etc.) which must be controlled, five additional param- 
eters must be investigated. 

To determine the effect of ATP on the initial forward velocity, the 
initial creatine concentration was held as high as could conveniently be 
employed. The ATP and Mg* concentrations were varied simultane- 
ously to satisfy the 1:1 relationship. To determine the effect of creatine 
on the initial velocity, both the initial ATP and Mg* concentrations were 
held at 0.004 m (above 0.004 M, a slight inhibition results). The results 
are shown in Fig. 7 for the forward reaction at both 30° and 38° in terms 
of Lineweaver-Burk plots (7). It will be noticed that the maximal veloci- 
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ties (the reciprocal of the intercepts) are always slightly greater with crea- 
tine than with ATP as the variable substrate. The reason for this was the 
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Fic. 6. Effect of Mg** on the initial velocity of the reverse*reaction in the presence 
of varying concentrations of ADP and Cr~ P. The reaction mixture contained 0.12 
m glycylglycine, pH 7.0, at 30°. Curve 1, 0.001 m ADP + 0.001 m Cr ~ P; Curve 2, 
0.002 m ADP + 0.002 m Cr~P; Curve 3, 0.001 m ADP + 0.012 m Cr~P; Curve 4, 
0.005 m ADP + 0.005 m Cr ~ P; Curve 5, 0.008 m ADP + 0.008 m Cr ~ P. Initial 
velocity expressed in micromoles per minute per microgram of enzyme. 
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Fic. 7. Effect of the concentration of the substrates on the initial velocity of the 
forward reaction. The variable substrate and temperature are indicated above each 
curve. Variable substrate, ATP; 30°: reaction mixture containing 0.024 m creatine 
and 0.096 m glycine, pH 9.0; MgSO, concentration varied simultaneously with and 
equal to the ATP concentration. Variable substrate, ATP; 38°: reaction mixture 
containing 0.032 m creatine; other conditions as above. Variable substrate, Cr; 30°: 
reaction mixture containing 0.004 m ATP, 0.004 m MgSO,, and 0.096 m glycine, pH 
9.0. Variable substrate, Cr; 38°: reaction mixture as at 30°. Initial velocity ex- 
pressed in micromoles per minute per microgram of enzyme. 


fact that when the ATP and Mg** concentrations were simultaneously 
varied the Cr was not held at “enzyme saturation concentrations.” Higher 
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concentrations of Cr than 0.024 m at 30° or 0.032 m at 38° could not con- | 


veniently be used. The values obtained at pH 9.0 for the Michaelis con- 
stants and maximal velocities are shown in Table I. 

These values are not corrected for the inhibitory effect of the ADP con- 
tained as an impurity in the ATP (see the experimental section of Noda 
et al. (6) for analysis). This correction does not significantly alter the 


TABLE I 


Michaelis Constants and Mazimal Velocities 


Temperature Substrate Ks Vmax. 


Forward reaction, pH 9.0 


% moles per l. MM per min. per 4 
30 ATP ox vt 0.18t 
38 “ 6 x 10-* 0.274 
30 » Creatine 16x ww 0.18 
38 ws 1.9 X 10°? 0.27 


Reverse reaction, pH 7.0 


30 ADP 8 x 10-** 1.1t 
38 “ 1 xX 10-3* 1.7§ 
30 Cr~P 5 X 10-3 11 


* The K, values for ATP and ADP can only be assumed to be maximal, since they 
were measured at concentrations of creatine and Cr ~ P, respectively, which were 
below those required for saturation of the enzyme. 

¢ Calculated assuming that the values for Vmax. are the same as when creatine 
was varied. 

t Calculated assuming that the values for Vmax. are the same as when Cr ~ P was 
varied. 

§ Calculated from the temperature coefficient of the apparent Vmax, as when ADP 
was varied and assuming that the values for Vmax. are the same as when Cr ~ P was 
varied. 


values for K,. Correcting for the inhibition of the forward reaction by | 
ADP (see below) yields a maximal velocity for the forward reaction at 30° | 
of about 20,000 moles per minute per 100,000 gm. of protein, or approxi- | 
mately 16,000 moles per minute per mole of protein (8), and at 38° of about | 


30,000 moles per minute per 100,000 gm. of protein, or approximately 
25,000 moles per minute per mole of protein (8). The K, for creatine is 
about 30 times larger than for ATP, and increasing the temperature from 
30° to 38° does not appreciably affect the K, for either substrate. 

For the reverse reaction (Fig. 8), Mg++ was held at 0.008 m (see above) 
for all concentrations of ADP and Cr ~ P studied. In determining the 
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K, for ADP, the Cr ~ P concentration could not conveniently be held 
higher than 0.012 m, which is still not “saturating.” For the determina- 
tion of K, for Cr ~ P, ADP could be held at a concentration approaching 
maximal velocity (0.008 m). This results in an apparently lower maximal 
velocity in the former case than in the latter. 

The results obtained at pH 7.0 and summarized in Table I are not cor- 
rected for the ATP impurity in the ADP (6). Correcting for this impurity 
yields maximal velocities of about 120,000 moles per minute per 100,000 
gm. of protein at 30° and about 180,000 at 38°, or about 100,000 per mole 
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Fig. 8. Effect of the concentration of the substrates on the initial velocity of the 
reverse reaction. The variable substrate and temperature are indicated above each 
curve. Variable substrate, ADP; 30°: reaction mixture containing 0.012 m Cr ~ P, 
0.008 m MgSO,, and 0.120 m glycylglycine, pH 7.0. Variable substrate, ADP; 38°: 
reaction mixture as above. Variable substrate, Cr ~ P; 30°: reaction mixture con- 
taining 0.008 m ADP, 0.008 m MgSO,, and 0.120 m glycylglycine, pH 7.0. Initial ve- 
locity expressed in micromoles per minute per microgram of enzyme. 


of protein at 30° and about 150,000 per mole of protein at 38°. Interest- 
ingly, the maximal velocities of the reverse reaction at pH 7.0 are about 6 
times greater than those for the forward reaction at pH 9.0. 

Effect of ADP on Initial Velocity of Forward Reaction—An investigation 
of the inhibition of the forward reaction by its products revealed an inter- 
esting type of inhibition by ADP (see Figs. 9 and 10). With the sub- 
strate, creatine, constant, the substrate, ATP, was varied (Case 1, Fig. 9) 
in the presence of two different concentrations of ADP, the product. ADP 
acts as a very potent inhibitor for ATP, as may be seen in Fig. 9. The 
inhibition appears to be of the competitive type (7), since the family of 
curves extrapolates to a common intercept and the slopes are a function 
of the inhibitor concentration. Calculating K, for ADP from the slopes 
and intercept yielded a value of about 3 X 10~* m at 30° and pH 9.0 (of the 
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Fig. 10. Product inhibition of the initial velocity of the forward reaction by ADP minu 
in the presence of the variable substrate, creatine. Upper section, reaction mixture abov 
containing 0.004 m ATP, 0.004 m MgSO,, and 0.096 m glycine, pH 9.0. Curve A, no Bc 
added ADP; Curve B, 0.001 m ADP; Curve C, 0.002 m ADP. Initial velocity ex- phen 
pressed in micromoles per minute per microgram of enzyme. Lower section, data Fr 
from upper curves plotted according to the equation, v/v; = 1 + I/Kr, where v is the . 
initial velocity in absence of added ADP, »; the initial velocity in presence of added duce 
ADP, I the molarity of added ADP, K; the non-competitive inhibition ‘dissociation with 
const ant”’ for ADP. in al 
and 
With the substrate, ATP, constant, the substrate, creatine, was varied One 
(Case 2, Fig. 10) in the presence of the same two concentrations of ADP afte 
employed for Case 1. Again ADP acts as a potent product inhibitor rela- roon 
tive to the variable substrate (Fig. 10), but this time the inhibition appears V 
to be non-competitive, with a change both in slope and intercept (7). heat 
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The lower plot in Fig. 10 clarifies the nature of the non-competitive type 
of inhibition. Theoretically, if 1 molecule of non-competitive inhibitor 
combined with 1 molecule of enzyme, the relation should be linear with 
an intercept of 1.0. Moreover, K; for ADP calculated as a non-competi- 
tive inhibitor (and for 1 molecule of inhibitor per molecule of enzyme) 
yields a value of about 2 X 10~* (about 7 times the K; value for Case 1, but 
about one-eighth the value of K, for creatine). Therefore, it appears that 
the product, ADP, competitively inhibits the enzyme when ATP is the 
variable substrate, but inhibits non-competitively when the variable sub- 
strate is creatine. 

Effect of Temperature on Reaction Velocity—Fig. 11 shows two Arrhenius 
plots: one for the forward reaction at pH 9.0 and the other for the reverse 
reaction at pH 7.0. Each curve has been drawn as the “best” straight line 
between the experimental points and yields apparent energies of activation 
for the forward reaction at pH 9.0 of AH* = 11.1 + 2 kilocalories per mole 
and for the reverse reaction at pH 7.0 of AH* = 13.6 + 3 kilocalories per 
mole. The values are not significantly different. 

Miscellaneous Kinetic Properties—In this section the enzymatic activity 
was measured in 0.004 m ATP, 0.004 m MgSO,, 0.024 m Cr, and 0.096 m 
glycine, pH 9.0, at 30° unless otherwise designated. 

Stability Properties of Enzyme—The enzyme shows a fairly broad sta- 
bility range at about pH 6.5 to 9.5 (Fig. 12). The stability of enzyme is 
increased somewhat in the presence of phosphate, near the isoelectric point 
of the protein (8). At pH 9.0 (glycine buffer), the enzyme exhibits the 
following thermal stability. In 4 to 5 per cent protein solution it will 
withstand at least 2 months at 0° without significant loss of activity. In 
1 per cent solution the losses are as follows: 56 hours at 30°, —30 per cent; 
1 hour at 30°, 20 minutes at 40°, or 5 minutes at 45°, no detectable loss; 1 
minute at 50°, —5 to —10 percent; 2 minutes at 50°, —20 to —30 per cent; 
above 50° the loss is rapid and irreversible. 

Both the crystalline enzyme and relatively crude preparations display a 
phenomenal stability to alkaline ethanol, as pointed out in Paper I (5). 

Freezing and thawing (twice) a 1.5 per cent protein solution (pH 9) pro- 
duced no loss in activity. Lyophilized powders can be kept for months 
with essentially no loss if precautions are taken to lyophilize the enzyme 
in an alkaline, non-volatile buffer, to keep the powder dry and cold (— 10°), 
and to dissolve the powder carefully in ice-cold alkaline buffers (pH ~ 9). 
One lyophilized preparation had lost only about 30 per cent of its activity 
after over a year of storage, even though it had been repeatedly warmed to 
room temperature to withdraw samples. 

Various compounds, at 0.002 m concentrations, were tested as possible 
heat-stabilizing agents. For this study, the protein solution (1.2 per 
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§ 
cent in 0.08 m glycine, pH 9.0) was heated in a 50° bath for 2 minutes, 
which, in control experiments, resulted in 20 to 30 per cent loss of activity, | 
Cysteine does not affect the stability, nor does it affect the velocity de- 
tectably. ATP or ADP increases the stability somewhat, creatine or 
creatine phosphate decreases the stability slightly, Mg++ (as SO.-, Ck, 
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Fic. 11. Arrhenius plots for the forward and reverse reactions. Curve A (reverse 
reaction), reaction mixture containing 0.012 m Cr ~ P, 0.008 m ADP, 0.008 m MgSO, 
and 0.120 m glycylglycine, pH 7.0. Curve B (forward reaction), reaction mixture 
containing 0.004 m ATP, 0.004 m MgSO,, 0.024 m creatine, and 0.096 M glycine, pH 9.0. 
T expressed in degrees absolute. Initial velocity expressed in micromoles per min- 
ute per microgram of enzyme. 

Fia. 12. Effect of pH on stability of the enzyme. Enzyme solutions containing 
7.94 mg. of protein per ml. and 0.10 m buffer were immersed in a 30° bath for 60 min- 
utes; after that time, the per cent recovery of the enzymatic activity was deter- 
mined. O, glycine buffers; @, glycylglycine buffers; X, sodium phosphate buffers; 
O, sodium acetate buffers. (The left-hand portion of the curve is not drawn through 
the pH 6.1 phosphate point because of the additional stabilizing effect of phosphate 
itself at this pH.) The reaction mixture for determination of enzymatic activity 
contained 0.004 m ATP, 0.004 m MgSO,, 0.024 m creatine, 0.096 glycine, pH 9.0, and 
enzyme diluted to 0.317 y per ml. of reaction mixture in 0.001 m glycine buffer, pH 
9.0, at 30°. Enzymatic activities were expressed in terms of their initial velocities. 


or Ac~) decreases the stability greatly, but ATP + Cr + MgSO, or ADP 
+ Cr ~ P + MgSO, greatly increases the stability. In the two latter 
cases an equilibrium mixture results almost immediately in the presence of 
a 1 per cent protein solution. Inorganic phosphate increases the stability 
only slightly at pH 9.0, but very greatly at pH 6 to 7.5 (0.08 m phosphate 
buffer). 

The enzyme (1.2 per cent solution in glycine buffer at pH 9 and 0°) is 
comparatively stable to H.O2. Exposure to a concentration of 5 x 107 
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m H,O for 30 minutes resulted in only 10 per cent loss of activity; 5 x 107° 
m destroyed activity 80 per cent. The peroxide-inactivated enzyme is 
only very slightly reactivated by 10° m to 5 X 10-? M cysteine. 

Miscellaneous Inhibitors—A variety of adenosine phosphate compounds 
has been found to inhibit the enzyme. Diphosphopyridine nucleotide 
(at 0.002 m) and adenosine-5’-(3’- or 2’-)phosphate at 0.004 m each in- 
hibited about 10 to 12 per cent. 

In agreement with Askonas (4), L-thyroxine was found to inhibit the 
transphosphorylase; however, the inhibition probably results mainly from 
the formation of Mg** complexes. For example, t-thyroxine at 8 X 10-* m, 
4X 107°, 1 X 10-*m, 2 X 10-*M, and3 X 10~M resulted in 0, 7, 24, 35, 
and 55 per cent inhibition, respectively. However, in the last two cases 
noticeable turbidities resulted, some of which remained insoluble even in 
the perchloric acid-molybdate (and therefore made the results somewhat 
inaccurate). u-Thyroxine at or above 10~ m forms a precipitate in 0.004 
m MgSO, (9). If the MgSO, in the enzymatic reaction mixture is varied in 
the presence of 10~ m thyroxine, the activity reaches a maximum at 0.004 
m, but further increases in Mg** concentration did not depress the activity, 
as in the absence of thyroxine (Fig. 4). 

L-Triiodothyronine did not form insoluble precipitates at the concen- 
trations used for the thyroxine study, and the inhibition by t-triiodo- 
thyronine is only about 12 per cent at 3 X 10‘ m (only about one-fifth 
that obtained with thyroxine). It appears that the binding of Mgt is an 
important factor in the inhibition of this enzyme by thyroxine.2 However, 
this explanation is probably not sufficient to account for the action of 
thyroid hormones on phosphorylation in oxidative systems (10). 

Malonic acid also inhibits the reaction, presumably by forming com- 
plexes with Mg** (11). Tested in the reverse direction, 0.12 m malonate 
at pH 7.3 with no other buffer resulted in virtually complete inhibition. 

Dinitrophenol at 1.4 X 10-* m did not inhibit the forward reaction, con- 
firming Askonas’ finding (4) that it did not inhibit the reverse reaction. 

During the course of fractionation of the protein, an attempt was made 
to utilize the ribose nucleic acid precipitation technique (12) as a method of 
purification. Although it was not successful, an interesting effect was 
observed. The enzyme can be precipitated by ribose nucleic acid (pre- 
pared as the potassium salt (13)) at pH 4 to 5.5 (0°), and the resultant 
precipitate redissolved at slightly higher alkaline pH values. However, 
under the conditions and reaction time used for assay (see Kuby et al. (5)), 
the enzyme is inactive as the nucleoprotein complex. Moreover, the addi- 
tion of nucleic acid to the enzyme solution, even at alkaline pH values at 


’ The solubility product of a complex of Mg** with 3 moles of thyroxine is 5 X 
10-" (J. Adler and H. Lardy, unpublished data). 
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which no precipitation occurs, results in an inhibition of enzymatic ae. 
tivity. However, if the nucleic acid-protein solution is previously treated 
with relatively high concentrations of Mg++ at 0° for approximately } 
hour, the inhibition is reversed. One may actually “titrate” the enzyme 
with nucleic acid to a point at which practically no activity remains and 
then “back-titrate” it with Mg** (prior to measuring the activity) to 
restore full activity, as is shown in Fig. 13. Interestingly, whereas the 


m moles Mg* * PER mg. 
NUCLEIC ACID 
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PROTEIN 

Fia. 13. Inhibition of enzymatic activity by yeast ribose nucleic acid. Curve 1, 
effect,of increasing concentrations of yeast nucleic acid. Protein concentration 5.46 
mg. of Fraction V, Procedure A (5); total volume 1.0 ml., pH 8.5. After } hour in an 
ice bath, the activity was measured under conditions described in Paper I (5). Curve 
2, restoration of enzymatic activity by Mg**. MgSO, added at the point where 9 
per cent inhibition occurred (0.893 mg. of nucleic acid per mg. of protein). After 
+ hour at 0° and pH 8.5, the activity was measured as for Curve 1. 


% RECOVERY OF 
ENZYMATIC ACTIVITY 


enzyme is otherwise extremely labile at pH 4 to 4.5, even at 0°, it is stabi- 
lized under these conditions by nucleic acid. 

Effect of Ionic Environment—The enzymatic reaction apparently can 
utilize as its required cofactor either Mg++, Mn**, or Cat*+. The latter 
Was investigated only at 0.004 m for the forward reaction. 

Mg** and Mn** give approximately the same velocities and also have 
approximately the same “dissociation constants.” For the forward reae- 
tion at pH 9.0 the value for Mn++ is about 4 X 10-* M, and, for the reverse 
reaction at pH 7.0, its value is about 2 X 10-* mM. Also preliminary evi- 
dence indicates that the same relationship to ATP is observable with 
Mn** as with Mg**. However, difficulty was experienced with Mn*, 
since at relatively high concentrations the reaction solution turns colored 
and a precipitate may form at alkaline pH. 
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CaCl. at 0.004 m results in about 50 to 55 per cent of the initial velocity 
obtained with 0.004 m Mgt*. There is, moreover, no detectable Cat+- 
activated ATPase. 

BaCl, appears to be inactive, but forms a precipitate in the reaction 
mixture. ZnSO, is inactive and also inhibitory (about 40 per cent inhibi- 
tion at 0.004 m). 

Usually, a trace of transphosphorylase activity is observable in the ab- 
sence of added Mg**. This trace of activity disappears upon the addition 
of an agent capable of forming complexes, like malonic acid (11). Even 
after exhaustive dialysis, the recrystallized protein contains 0.11 per cent 
ash (8), which is sufficient to account for 2 molecules of MgO (formed on 
ashing) per molecule of enzyme. If the ash contains magnesium, it may 
have been introduced during the preparative procedure. 

NaSO,y, (NH,4)2SOx4, and K.SO, are inactive by themselves and, when 
added individually (0.004 m) to 0.004 m MgSO,, do not alter the initial 
velocities. MgCl. and MgSO, appear to be identical. In confirmation of 
earlier work (14) with crude preparations of the enzyme, the pure protein 
does not appear to require K*. Varying the glycine buffer from 0.03 to 
0.15 m did not alter the initial velocity. 

CuSO, at 10-* m and 10- resulted in about 13 and 26 per cent inhibi- 
tion respectively. Since the dissociation constant for cupric-glycinate is 
about 10-§ (11), only an extremely small amount of Cu** that had not 
formed a complex would remain in solution under these conditions. 

Miscellaneous Observations—p-Chloromercuribenzoic acid is extremely 
inhibitory; 100 per cent inhibition is obtained at about 10-* m or less. 

Creatinine is inert; even at 0.024 m, no detectable reaction could be ob- 
served, and 0.011 m creatinine added to 0.024 m creatine resulted in no 
inhibition. D- or L-arginine and t-histidine are inactive. Inosine triphos- 
phate at 0.001 and 0.004 m was entirely inactive, nor was any detectable 
inosine triphosphatase observed. None of the adenosinemonophosphates 
(5’-, 3’-, or 2’-) are active as phosphate donors, nor are any phosphatases 
for these substrates observable. ADP will not replace ATP for the for- 
ward reaction, nor will ATP replace ADP for the reverse reaction. The 
reaction appears to be highly specific for ATP and creatine in the for- 
ward direction and for ADP and Cr ~ P in the reverse direction. 

DISCUSSION 

The kinetic data obtained in this study permit several deductions con- 
cerning the nature of the transphosphorylation reaction. In the complete 
absence of Mg*+, and under conditions in which the last traces of Mg** 
introduced with enzyme are effectively bound, the reaction does not pro- 
ceed. The striking occurrence (Fig. 4) of maximal rates of transphos- 
phorylation when the Mg** concentration is equal to that of ATP, regard- 
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less of the concentration of the latter, seems highly significant, especially 
in view of the fact that a similar relationship has been found for fructo- 
kinase (15), hexokinase (16), the propionate-CO,-fixing reaction (17), and 
the transfer of P* into erythrocytes (18). 

Van Wazer and Campanella (19) have shown that inorganic polyphos- 
phates react very strongly with Mgt*, and Burton (unpublished data 
quoted by Burton and Krebs (20)) has obtained dissociation constants of 
12 X 10° and 2.7 X 10° for the complexes MgATP= and MgADP- 
respectively. 

These facts lead to the conclusion that the MgATP complex rather than 
free ATP is a reaction component for the transphosphorylase, as Hers (15) 
and Liébecq (16) have assumed for hexose phosphorylation. Burton and 
Krebs (20) assumed the Mg complex forms of ATP and ADP to be non- 
reactive for the two ~P-transferring enzymes of glycolysis, but both of 
these complex forms appear to be reactive for ATP-Cr transphosphorylase, 
It has been pointed out elsewhere that divalent cations are required for 
every known transphosphorylation involving ATP (21). 

When concentrations of Mg** in excess of the optimum were employed, 
the reaction velocity was gradually depressed to a new asymptotic value 
(Figs. 4 and 5). In an experiment not shown in Fig. 4, the activity plateau 
was maintained even at an Mg** concentration of 0.02 m in the presence of 
0.001 m ATP. It is proposed, therefore, that MgATP may bind a 2nd 
molecule of Mg** to form Mg,ATP and that this latter complex is some- 
what less “active” than MgATP. The fact that addition of ADP to ATP 
(in the forward reaction) does not disturb the optimal 1:1 ratio of Mg: ATP 
(Fig. 6) indicates that ADP binds magnesium less strongly than does ATP 
under these conditions. The formation of Mg complexes by the buffer 
constituents will be considered in Paper IV (6). 

When the reaction is studied in the reverse direction, the velocity curves 
approach their maximum at a ratio of ADP:Mg** somewhat less than 
1:1, and this is not disturbed by relatively large concentrations of Cr ~ P 
(e.g., compare 0.001 m ADP + 0.001 m Cr ~ P with 0.001 m ADP + 0.012 
M Cr ~ P in Fig. 6). Extending the above reasoning, we conclude that the 
active species of ADP is MgADP, that ADP binds Mg** much less strongly 
than ATP does, and that Cr ~ P bindseven lessthan ADP. Organomon- 
ophosphates and P; appear to bind Mg** less tenaciously than do the 
polyphosphates, for Trevelyan, Mann, and Harrison (22) have obtained 
an apparent dissociation constant of 5 X 10-° for Mg glucose-1-phosphate, 
Tabor and Hastings (23) obtained 5 X 10-* for Mg a-glycerophosphate, 
and the value for Mg orthophosphate is approximately 3 x 10-* (22-24). 

Once the maximum is reached, there is a gradual trend downward with 
increasing Mg** concentration (Fig. 6); the degree of this negative slope 
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is dependent upon the initial concentrations of the reactants. At ex- 
tremely high concentrations of Mg** compared to the initial Cr ~ P con- 
centration (e.g. Curve 4), at which the probable dissociation constant of 
Cr ~ P is approached, the curve shows a rather steep downward trend, 
approaching a zero velocity. Consequently, it may be assumed that MgCr 
~ P is the inactive species and Cr ~ P the active species. Although 
these deductions are drawn from the kinetic evidence alone, further support 
for them is obtained by their applicability in explaining qualitatively the 
effect of Mg** on the equilibrium (6). 

The inhibition of the forward reaction by the product, ADP, can be 
explained in terms of competition between the Mg complexes of ADP and 
ATP (Fig. 9) for a common binding site (A) on the enzyme. Since ADP 
inhibits non-competitively with respect to Cr (Fig. 10) and since K, for 
ADP in the latter case is much greater than K; for inhibition at the ATP- 
binding site, it seems logical that a second active site (B) on the enzyme 
combines with creatine. It is likely that the inhibitions observed do not 
conform to the precise competitive and non-competitive classifications 
because of interactions between the bound substrates and the adjacent 
sites. Thus site (A) combines with the Mg complexes of ATP and ADP, 
while site (B) combines with the uncomplexed forms of Cr and Cr ~ P. 
Transfer of ~P between the two bound substrates requires that sites (A) 
and (B) be in juxtaposition. 

Finally, a rough estimate may be made of the maximal velocity of the 
transphosphorylation reaction in situ. 1 kilo of adult rabbit muscle con- 
tains approximately 4 gm. (5 X 10-* mm) of ATP-Cr transphosphorylase 
(5), 4 mm of ATP (25), and 20 mm of Cr ~ P (26). It may be calculated 
from the maximal velocity of the enzyme in the forward direction (25,000 
moles per mole of enzyme per minute at 38°) that virtually all of the ter- 
minal P of ATP could be transferred to Cr (assuming the cellular environ- 
ment to favor the equilibrium in that direction (6)) in about 0.2 second. 
If conditions permitted a velocity of only 1 per cent of maximum, the time 
required would be 20 seconds. The maximal velocity of the reaction in 
the reverse direction (150,000 moles per mole of enzyme per minute at 
38°) would permit all of the ATP to be resynthesized from ADP and 
Cr ~ P in 0.03 second, and all of the Cr ~ P might be utilized (through 
ATP) in 0.15 second. 


EXPERIMENTAL 


Analytical Methods—Creatine phosphate was determined as described 
(5), and corrections were made for inorganic phosphorus present and for 
acid molybdate-hydrolyzable phosphate arising from ATP or ADP in 
either of two ways: a, aliquots from tubes containing no Cr nor Cr ~ P, 








80 ATP-CREATINE TRANSPHOSPHORYLASE. _ III 


but otherwise treated like the reaction mixtures, were subjected to the 
analytical procedure, and the observed value for orthophosphate was sub- 
tracted from the measured creatine phosphate in the experimental tubes; 
b, the acid molybdate-hydrolyzable phosphate measurements in a series 
of aliquots removed from the reaction mixture at various time intervals 
were extrapolated to zero time, and the zero time value was subtracted 
from each of the experimental values. Method (a) was used for all experi- 
ments in the reverse direction, while method (b) was used more routinely 
for those of the forward reaction. 

Determination of the initial velocities was made by averaging the Cr ~ P 
values at small time intervals over the initial linear portion of the reaction 
curve or, when the linear portion of the reaction curve was extremely 
small, by calculating the slope of the line drawn tangent to the reaction 
curve at zero time. The reaction does not follow good zero order nor 
first order kinetics under any of the conditions studied. The initial linear 
rate of the forward reaction usually extended to a change of 0.1 to 0.2 um 
per ml. and under some conditions to 0.3 um per ml. To minimize errors, 
comparatively large aliquots of the reaction mixture (1 to 2 ml. for the 
forward reaction) were analyzed at time intervals of 1 to 2 minutes. For 
the forward reaction, initial velocities could be determined within an esti- 
mated error of 3 to 6 per cent. 

Since the reverse reaction was followed by measuring a decrease in rela- 
tively large values of Cr ~ P, additional precautions were necessary to keep 
the analytical error within 5 to 10 per cent. Aliquots (0.2 to 0.4 ml.) of 
the reaction mixture were removed with calibrated, self-adjusting micro 
pipettes, accurate to 0.5 per cent. The final volume of the acid molybdate 
was increased to 20 ml., and appropriate phosphate standards were em- 
ployed for the particular range of Cr ~ P concentrations studied to mini- 
mize errors arising from a slight deviation from Beer’s law. The “sensi- 
tivity multiplier’ of the Beckman B spectrophotometer permitted reading 
the relatively high optical density with good accuracy. 

Other analytical procedures are described elsewhere (5, 6). 

Materials—For most of the work single large samples of ATP (Pabst 
lot 115) and ADP (Pabst lot 601) were used; their analyses are reported in 
Paper IV (6). Solutions (5, 6) were stored at 0° no longer than 2 days. 
Crystalline sodium creatine phosphate was prepared by a slight modifica- 
tion‘ of the procedure of Ennor and Stocken (27); for its analysis and that 
of creatine see Paper IV (6). Only freshly prepared solutions of Cr ~ P 
(0.05 mM, made up in cold 0.001 m glycine, pH 9) were used. The exact 
molarity was determined immediately before use. The buffer ingredients 
were obtained as follows: glycine and glycylglycine, Pfanstiehl; t-histidine 
hydrochloride, H. M. Chemical Company; Tris, G. Frederick Smith Chem- 


‘ The modifications will be described in Biochemical Preparations. 
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ical Company; disodium 8-glycerophosphate, Eastman white label. Other 
compounds used were of analytical grade and commercial origin. Buffers 
were adjusted to proper pH with NaOH, HCl, or, for Tris, H»SO,. pH 
determinations (glass electrode) of the buffers and of the reaction mixtures 
were made at about the temperatures of the reaction. 

Stoichiometry of Reaction—A reaction mixture containing, per ml., 12 
um of ATP, 24 un of creatine, 3 um of MgSO,, and 9.2 um of glycine buffer, 
pH 9.0, was used. The enzyme was added and the reaction allowed to 
proceed at 30° until about one-third of the ATP had disappeared and then 
was stopped by the addition of NH,OH. Aliquots were removed and 
analyzed for Cr ~ P, ATP, and ADP (6, 28). The average of triplicate 
determinations was as follows: decrease in ATP, 3.82 + 0.12 um per ml.; 
ADP formed, 3.78 + 0.11 um per ml.; Cr ~ P formed, 3.75 + 0.08 um 
per ml. No detectable amounts of adenine, adenosine, or AMP were 
formed in the reaction. Therefore, within experimental error, for every 
1.0 mole of ATP reacting, exactly 1.0 mole of ADP and 1.0 mole of Cr ~ P 
are formed. 


SUMMARY 


1. The kinetics of the enzymatically catalyzed reaction, ATP + Cr = 
ADP + Cr ~ P, have been studied in both directions. 

2. The reaction velocity is strikingly dependent upon Mg** concentra- 
tion. The data have been interpreted as indicating that Mg complexes 
of ATP and ADP are active substrates, while the forms without com- 
plexes are inactive. Mn** and Cat‘, the latter less effectively, can sub- 
stitute for Mg**. 

3. The reaction velocity is greatest at about pH 9 for the forward di- 
rection and about pH 6 to 7 for the reverse direction. 

4. Michaelis constants for each of the four substrates and the maximal 
velocities of both the forward and reverse directions have been determined. 

5. The effect of temperature on both the forward and reverse reactions 
has been studied and their apparent energies of activation determined. 

6. In the forward direction the velocity of the reaction is competitively 
inhibited by ADP with respect to ATP, but inhibited non-competitively 
with respect to Cr. This has been interpreted in terms of two active sites 
on the enzyme molecule which combine (a) with the magnesium complexes 
of ATP and ADP, and (b) with Cr and Cr ~ P, respectively. 

7. Various observations regarding inhibitors and thermal stability prop- 
erties of the enzyme have been presented. 
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ADENOSINETRIPHOSPHATE-CREATINE 
TRANSPHOSPHORYLASE 


IV. EQUILIBRIUM STUDIES* 


By LAFAYETTE NODA, STEPHEN A. KUBY, ann HENRY A. LARDY 


(From the Institute for Enzyme Research and the Department of Biochemistry, 
College of Agriculture, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, October 14, 1953) 
The reversible reaction! 
il) ATP + Cr= ADP + Cr~P 


plays an important réle in the energetics of metabolism in vertebrate 
muscle. Accurate thermodynamic data for both the reaction and its re- 
active species should therefore be an invaluable aid to a fuller understand- 
ing of cellular chemistry. 

In 1936, Lehmann (1) was able to study Reaction 1 free from the com- 
plicating further reaction of myokinase by a suitable choice of conditions. 
His equilibrium data for Reaction 1 are of the same order of magnitude as 
are those reported in this paper for the same pH, magnesium ion concentra- 
tion, and temperature. However, the important réle of magnesium in the 
equilibrium was not discerned at that time. Banga (2) confirmed Leh- 
mann’s earlier observation that the equilibrium of the reaction is highly 
dependent upon pH, but unfortunately did not report the magnesium 
concentration in her reaction mixtures. 

In the present work, the equilibrium of Reaction 1 has been studied 
under various conditions and found to depend not only on the concentra- 
tion of creatine, H*, and the phosphorylated reactants, but also strikingly 
upon the Mg** concentration. 


Results 


It has been shown (3) that the crystalline enzyme preparation (4) cat- 
alyzed Reaction 1 with no detectable interfering side reactions. With the 


twice crystallized enzyme, the apparent equilibrium constant, K’, for this 
reaction, defined? as 


* Supported in part by grants from the United States Public Health Service, the 
Life Insurance Medical Research Fund, and the Office of Naval Research. 

! The following abbreviations are used: ATP, adenosinetriphosphate; ADP, ade- 
nosinediphosphate; Cr ~ P, creatine phosphate; Cr, creatine; Pi, inorganic phos- 
phate. 


*The concentration of each of the components is expressed on a micromoles per 
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_ [Cr ~ P] [ADP] 
eee 
[ATP] (Cr 

was measured under various conditions of pH, ionic environment, tempera. 
ture, and enzyme concentration. The equilibrium was approached from 
both the forward and reverse directions, and the initial concentrations of 
the reactants were varied over a wide range. The data are summarized iy 
Fig. 1 and Tables I to IV. 
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Fig. 1. Variation of apparent equilibrium constant at 30° in 0.10 m glycine buffer, 
pH 9, with increasing concentrations of MgSO, and with ionic strength. Vertical 
bars at the right indicate estimated maximal experimental errors in K’ at 0.020 ™ 
MgS0O,, assuming the following errors: [Cr ~ P] +3 per cent, [ATP] +3 per cent, and 
[Cr] +1 percent. Curves at constant approximate initial concentrations of Cr: ATP 
expressed in micromoles per ml. O, 5:5; 0, 24:4; X, 2:2; and A, 32:1. &, initial 
concentration Cr:ATP = 24:4; 2 um of MgSO, per ml. + increasing concentrations 


of KCl. 


The most striking effect observed was the influence of magnesium ion on 
the apparent equilibrium constant. For example, in glycine buffer, pH 
9.0, at 30° (lower curves, Fig. 1), the K’ values are almost a hyperbolic 
function of the magnesium sulfate concentration. They apparently ap- 
proach asymptotic values at both high and low concentrations of magnes- 
ium sulfate. Decreasing the magnesium ion concentration from 0.02 m to 
0.002 m, and in some cases to 0.001 M, dramatically increases the K’ values. 





ml. basis and represents the sum total of all the ionic and complex species of that 
component which may exist under the particular conditions of measurement. 
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For example, in the determinations starting with initial Cr: ATP = 24:4, 
the K’ values vary approximately 3-fold from about 0.22 at 0.02 m MgSO, 
to about 0.64 at 0.002 m MgSO,. Under the conditions of pH and tempera- 
ture studied (Tables I and IT and Fig. 1), at any given low magnesium ion 


TaBLeE | 
Apparent Equilibrium Constants Measured at 30° in 0.10 mu Buffer 


25 or 50 y of enzyme per ml. Concentrations in micromoles per ml. 


Initial Glycylglycine, Glycylglycine, Glycine, Glycine, 
concentrations pH 7.4* pH 8.0* pH 8.9* | pH 9.8* 
MgSO. added me — ty sae as ' ” 
Equilib- Equilib- | Equilib- | Equilib- 
ATP Cr ADP rium, K’ 39° rium, K’' wo rium, | K’se | rium, | K’s° 
Cr~P Cr~P Cr~P Cr~P | 

20 4.61 | 4.94 0.332) 0.309 0.010 | 0.668 |0.040 | 1.48 (0.25 | 2.54 (|1.5 
2 1.84 | 1.98 0.133 | | 0.545 |0.20 | 0.969 |1.2 
20 0.090) 0.077,1.90 | 0.241 }0.0107; 0.379 (0.0377; 0.711 (0.24f| 1.10 |1.6t 
20 3.68 (23.7 (0.265) 0.657 0.0087| 1.26 (0.035 | 2.37 (0.23 | 3.28 |1.4 
20 0.92131.6 0.066 0.372 |0.0095 0.583 (0.036 | 0.803 |0.19 | 0.887 |0.81 
10 4.61 | 4.94 0.332) 0.322 |0.011 | 0.672 (0.040 | 1.55 (0.28 | 2.65 (1.8 
10 1.84 | 1.98 0.133 | 0.585 (0.24 | 1.00 (1.4 
10 3.68 (23.7 (0.265) 0.671 (0.0095) 1.29 (0.037 | 2.37 (0.23 | 3.31 {1.5 
10 0.92131.6 (0.066 0.371 \0.0095) 0.588 0.037 | 0.812 |0.21 | 0.891 0.93 
6 1.61 4.94 0.332) 0.347 (0.012 | 0.756 (0.051 | 1.69 (0.36 | 2.74 (2.2 
6 1.84 | 1.98 |0.133 0.622 (0.28 | 1.05 {1.7 
6 3.68 |23.7 (0.265) 0.675 0.0095, 1.35 0.042 | 2.52 (0.29 | 3.35 [1.8 
6 0.92131.6 0.066 0.377 |0.0098) 0.589 0.038 | 0.810 |0.21 | 0.983 |1.0 
2 4.61 | 4.94 (0.332) 0.745 (0.050 | 1.44 (0.23 2.39 (1.1 3.17 |4.4 
2 1.84 | 1.98 |0.133 |} 0.711 (0.42 | 1.12 (2.3 
2 3.68 |23.7 (0.265! 1.24 (0.034 | 1.94 (0.11 | 2.95 |0.64 | 3.47 |3.0 
2 0.921/31.6 (0.066) 0.406 (0.012 | 0.618 0.045 | 0.832 |0.28 | 0.898 |1.2 
1 1.84 | 1.95 0.133 | 1.01 [1.5 | 

1 1.84 |23.4 (0.133 1.60 (0.52 

1 0.921\/31.2 (0.066 0.843 |0.32 


*pH measured by glass electrode after attainment of equilibrium. 
+ Equilibrium approached from reverse direction; 2.00 um of Cr ~ P added per ml. 
$1.90 um of Cr ~ P per ml. added initially. 


concentrations there are wide deviations in the K’ values obtained for 
different initial concentration ratios of Cr: ATP. These deviations become 
progressively smaller as the magnesium ion concentration is increased, 
and all of the K’ values appear to approach a single constant value, within 
experimental error, at about 0.02 m MgSO,. Whether or not the K’ value 
rises infinitely as the magnesium ion concentration approaches zero con- 
centration, or whether it rises to a maximum and then decreases, has not 
been established. 
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Varying the MgSO, from 0.001 m to 0.02 m tended to produce slight} and a 
variations in the final pH of the equilibrium mixture; total variation, how.| ence « 
ever, was only 0.1 to 0.2 of a pH unit over the entire range of magnesium} MnS¢ 
sulfate used. perier 

The effect of ionic strength on a reaction mixture containing 0.002 y{ tions 
MgSO, and approximately a 24:4 initial ratio of Cr: ATP is shown in Fig, |, | in the 

Th 
TaBie II more 
Apparent Equilibrium Constants Measured in 0.10 mu Glycine Buffer at 20° and 38° | centr: 

50 y of enzyme per ml. Concentrations in micromoles per ml. avera 

| Initial concentrations | pH 9.02* pH 8.82* abou 

Ss SE 

| ave | ce | app | Eqiiere™ | Kk’ = | Eagilibrinm, | Ke 
ee ae ee See ee —— z Effect 
20 4.61 | 4.94 | 0.332 | 1.62 | -0.32 1.32 | 0.18 
20 1.84 | 1.98 0.133 0.638 | 0.31 0.537 | 0.19 50 
20 0.090 | 0.154 | 1.90 2.94 | O.41t | . = 
20 0.090 | 0.082 1.90 0.775 | 0.2if MnSO. 
20 3.68 | 23.7 0.264 2.58 0.26 2.21 0.17 ; 
20 0.921 | 31.6 0.066 0.814 | 0.22 0.768 | 0.14 = 
10 4.61 4.94 0.332 1.70 | 0.37 |} 1.39 0.21 1 
10 1.84 1.98 | 0.133 0.669 0.35 0.558 0.21 1 
10 3.68 23.7 0.264 2.53 | 0.29 2.27 | 0.19 
10 0.921 31.6 | 0.066 0.818 0.23 0.777 | 0.15 
6 4.61 4.94 | 0.332 1.84 | 0.46 | 1.49 0.25 
6 1.84 1.98 0.133 0.694 | 0.39 0.582 | 0.24 
6 3.68 23.7 | 0.264 2.58 | 0.32 2.36 | 0.22 ae 
6 0.921 31.6 0.066 0.814 | 0.22 0.782 | 0.15 *! 
2 4.61 4.94 0.332 | 2.59 | 1.60 | 2.31 1.01 
2 1.84 1.98 | 0.133 | 0.809 | 0.63 0.695 | 0.38 
2 3.68 | 23.7 0.264 | 2.97 | 0.64 2.82 0.53 buff 
2 0.921 | 31.6 0.066 0.829 | 0.26 | 0.793 0.17 conc 
TS af 

* Measured by glass electrode after attainment of equilibrium. T 

¢ Equilibrium approached from reverse direction; 3.98 um of Cr ~ P added per nl. 

¢ 2.12 um of Cr ~ P per ml. added initially. pH 

reat 
Amounts of KCl were added to give a progressive increase in the calculated ca8e 
molar ionic strength equal to that for the various concentrations of mag- | 4V€ 
nesium sulfate employed previously. Only a small decrease in K’ from — 
0.66 to 0.52 (almost within experimental error) is evident over this 10-fold 6 k 
increase of ionic strength. Consequently, the effect of magnesium sul- is hi 
fate is not simply one of ionic strength. 1 

Some preliminary work was also conducted on the effect of manganous stat 
ion on the K’ value. As is shown in Table III, Mn* exerts an effect like gly 
Mg** on K’; 7.e., K’ decreases rapidly with increasing Mn*+ concentration wal 
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and apparently approaches a constant value. The K’ values in the pres- 
ence of Mn** ion are somewhat lower than in Mg** (about 0.14 at 0.01 m 
MnSO, compared with about 0.23 at 0.01 m MgSO,). Difficulty was ex- 
perienced in attempting to study K’ at relatively high Mn** ion concentra- 
tions (0.01 to 0.02 m) at pH 9, since at 0.02 mM MnSQ, precipitation occurred 
in the reaction solution, producing a pH drop of about 0.6 unit. 

The K’ values are highly dependent upon the pH (see Table I). Since 
more constant values of K’ are obtained at high magnesium sulfate con- 
centrations, for purposes of comparison the values at 0.02 m have been 
averaged and graphed in Fig. 2. It may be seen that K’ at 30° ranges from 
about 0.01 at pH 7.4 (glycylglycine buffer) to about 1.4 at pH 9.8 (glycine 


TaBLeE III 


Effect of Mn** on Apparent Equilibrium Constants Measured at 30° in 0.10 mu Glycine 
Buffer, pH 9 


50 y of enzyme per ml. Concentrations in micromoles per ml. 








l 
Initial concentrations | 


MnSOs added| pH inns tiiimaanemaca | ae | ke 
ATP Cr ADP | 
10 8.77 | 4.61 4.94 0.332 1.2% | 0.17* 
10 8.60 3.68 23.7 0.265 | 1.97 0.12* 
6 8.82 4.61 | 4.94 0.332 1.56 | 0.29 
6 8.78 | 3.68 23.7 0.265 2.26 0.18 
2 8.87 | 4.61 | 4.94 0.332 2.44 1.25 
2 8.87 3.68 | 23.7 0.265 | 2.84 0.50 





* The equilibrium mixture was slightly yellow. 


buffer), about 140-fold variation in K’ with about 250-fold decrease in H+ 
concentration. A plot of K’(H*) versus pH (Fig. 2) is also shown for com- 
parison. This product varies far less than K’ with change in pH. 

The effect of temperature on the apparent equilibrium constant at about 
pH 8.9 (glycine buffer) may be seen in Fig. 3. Again the effect is more 
readily compared at high magnesium sulfate concentrations at which K’ is 
essentially constant. K’ values for 0.02 m Mg* at 20°, 30°, and 38° were 
averaged and logio K’ plotted against 1/7 according to the van’t Hoff 
equation. AH calculated from the slope of the line in Fig. 3 is only 3 to 
6 kilocalories per mole; 7.e., apparently only a very small amount of heat 
is liberated in the reaction ATP + Cr = Cr ~ P + ADP. 

The effect of the enzyme concentration on the apparent equilibrium con- 
stant was investigated under a single set of conditions, 0.02 m MgSQ,, 
glycine buffer, final pH 8.8, 30° (Table IV). The protein concentration 
was varied more than 2000-fold, and no significant variation in K’ was 








K'(Ht) 10'° 
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observed. The highest concentration of protein, expressed on a molar 
basis (5), was about 7 per cent of the initial ATP and 1 per cent of the 
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Fig. 2. Apparent equilibrium constants as a function of pH at 0.02 m MgS0,. 
The K’ and pH values for varying initial concentrations of Cr and ATP were aver. 
aged. O, K’ versus pH; X, K’(H*) versus pH. 

Fic. 3. Effect of temperature on the apparent equilibrium constant. Average K’ 
values at 20°, 30°, and 38°, in 0.10 m glycine buffer, pH 9.0, and 0.02 M MgSO,, for vary- 
ing initial concentrations of Cr and ATP. 


TABLE IV 


Effect of Varying Enzyme Concentration on Apparent Equilibrium Constants Measured 
at 30° in 0.10 m Glycine Buffer, pH 9, and 0.020 u MgSO, 
Initial concentrations, ATP = 3.68, ADP = 0.265, and Cr = 23.7 uM per ml. 





pH Enzyme concentration Equilibrium, Cr~ P| K' 390 
¥ per ml. uM per ml. 

8.81 | 10 2.28 0.19 
8.80 20 2.28 0.19 
8.80 | 40 2.29 0.20 
8.80 | 80 2.30 0.20 
8.80 160 2.30 0.20 
8.81 1,130 2.37 | 0.22 
8.79 5,650 2.35 0.22 
8.77 11,300 2.34 0.21 

2.32 0.21 


8.75 22,600 





initial creatine concentration. This negative result might have been an- 
ticipated from a consideration of the K, values of the reactants and prod- 
ucts (3). 
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Finally, it has been shown that the reaction satisfies the law of mass 
action in that (1) the equilibrium point may be approached from either 
the forward or reverse direction, and (2) the equilibrium point may be dis- 
placed by an alteration of the initial concentrations of the reactants. 

However, it is also evident that the apparent equilibrium constant as 
defined? does not rigorously satisfy the requirements of a true thermody- 
namic equilibrium constant, since K’ varies with pH and magnesium or 
manganous ion concentration at constant temperature. But, under cer- 
tain particular conditions of relatively high magnesium ion concentration, 
at constant temperature and pH, within the experimental error of measure- 
ment, K’ does approach a constant value independent of the initial reactant 
concentrations. Under these conditions, the initial ATP concentration 
has been varied 6-fold and the initial creatine concentration 16-fold, and 
essentially constant K’ values were obtained. The equilibrium approached 
from the reverse direction and from approximate equilibrium mixtures of 
all the components also yielded the same value of K’ (at constant pH and 
temperature). 

DISCUSSION 

It is important to point out the fundamental difference between the de- 
fned K’? and a true thermodynamic equilibrium constant. What was 
measured at each particular set of conditions (MgSO, concentration, pH, 
temperature, etc.) was the equilibrium concentration of the sum total of 
all the possible ionic and magnesium complex species of each component 
(ATP, ADP, Cr ~ P, Cr). No distinction was made between an “active” 
or “inactive” species of these components. To determine the true equi- 
librium constant it is necessary to know which of the many species (ionic 
and complex) of each component actually participate in the reaction and 
to measure the concentration of these participating components. Apparent 
ionization constants of ATP, ADP, and Cr ~ P have been measured for 
certain specific conditions (6-8), but only preliminary data are available 
for the magnesium complexes of ATP and ADP (9), and no data appear to 
be available for the complexes formed by cations and Cr ~ P. In addition 
to data on complex forms of the phosphorylated compounds, it would be 
essential to have data on the possible influence of magnesium and ionic 
strength on the degree of ionization of the compounds and the influence of 
temperature, pH, and ionic strength on magnesium complexes. It would 
also be necessary to have data on the effect of the buffer on the reaction 
components, particularly the extent of its complexes or chelation with Mg++ 
and on the possible catalytic activity of the buffer-Mg complex. 

Monk (10) reported the pK values for the dissociation of (Mg-glycine)* 
and (Mg-glycylglycine)* to be 2.08 (K = 8.3 X 10-*) and 1.06 (K = 8.7 
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xX 10-*) respectively. The dissociation constants for MgADP and 
MgATP~are estimated by Burton (see (9)) to be 2.7 X 10-* and 1.2 K 108. 
Since the phosphorylation of creatine by 0.001 m ATP in 0.1 M glycine pro- 
ceeds optimally at an Mg* concentration of only 0.001 m (3), it is obvious 
either that the estimated value for the dissociation of MgATP is far too 
low (K for CaATP = 8.7 X 10-* (11)) or that the Mg-glycine complex 
is capable of forming further complexes with ATP. 

If either of these possibilities is assumed and, for the present, the effect 
of pH on the reaction is disregarded, it may be assumed (see “Discussion” 
in Paper III (3)) that the two reactions catalyzed by the enzyme are 


(I) MgATP + Cr= MgADP + Cr~P 
at relatively low Mg** concentrations, and 
(II) Mg:ATP + Cr= MgADP + Cr~ P + Mgt+ 
at relatively high Mg** concentrations. 
Their equilibrium constants may be written as 


_ _ (MgADP][Cr~P] | _ [MgADP] [Cr ~ P] [Mg**] 
'' [MgATP] [Cr]? [Mg2ATP] [Cr] 








The following non-enzymatic reactions must also be considered: 


(a) Mg** + ATP = MgATP; (6b) Mg** + MgATP = Mg,ATP 
(c) Mg*+ + ADP = MgADP; (d) Mg** + Cr ~ P= MgCr ~ P 


At ‘very low concentrations of Mg** Reaction I would predominate. 
In this region increasing adenine nucleotide concentration should increase 
the apparent equilibrium constant (K’), since ATP binds Mgt* more ef- 
fectively than does ADP. This is verified by the finding (Fig. 1 and Tables 
I and II) that in general K’ varies directly with initial ATP concentration 
and is not directly influenced by the initial Cr: ATP ratio. In the region 
of low Mg** concentration increasing the concentration of ATP would 
lessen the possibility of Reaction II participating. As the Mg** con- 
centration is increased (but still is insufficient to form complexes with 
appreciable amounts of Cr ~ P), reactions (a), (b), and (c) will be dis- 
placed toward the right to give, eventually, nearly quantitative conversion 
to Mg,ATP and MgADP.. Reaction II would be displaced toward the 
left with increasing Mg** concentration since Mg** is one of the products, 
and the measured K’ would fall, eventually approaching constant values 
independent of the initial concentrations of the reactants ATP or ADP 
(Fig. 1 and Tables I and II). It is difficult to predict the effect on K’ of 

* The pK for the glycine complex is incorrectly given as 3.44 in the summary Table 
IV of Monk ((10) p. 301). 
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increasing the Mg** to overwhelming concentrations at which reaction 
(d) will become important. The tendency of “inactive” MgCr ~ P to 
displace Reaction II to the right might be countered by the influence of 
Mg** in driving it to the left. 

Szorenyi et al. (12) reported that the presence of 0.01 m Mg**, Ca*, or 
Mn** increased the equilibrium constant of the ATP-arginine phosphate 
reaction by 2-, 4-, and 9-fold respectively. However, they cite other studies 
(13) with ATP-creatine transphosphorylase in which these ions did not 
exert such an effect. 

From the heats of hydrolysis of ATP and Cr ~ P that were measured 
directly at neutral pH (14, 15), the heat of reaction for Reaction 1 in the 
direction of formation of Cr ~ P from ATP and Cr is calculated to be 
-1.8 to —1.3 kilocalories per mole at pH 7. This should be compared 
with the —3 to —6 kilocalories per mole found at pH 9.0. The small 
difference probably results from differences in heats of ionization at pH 
9.0 compared to 7.0. 

At pH 9, which is at least 2 pH units above the ionization constants of 
the phosphorylated reactants (6-8), a hydrogen ion should be quantita- 
tively liberated in the reaction between ATP= and Cr- to yield ADP= 
and Cr ~ P=. At 0.02 m MgSO,, K’ was found (Fig. 2) to vary 140-fold 
with a 250-fold variation in (H+) (from about pH 7.4 to 9.8). The devia- 
tion of K’(H*) from a constant value at varying pH values may result in 
part from differences in the two buffers used and in part from the incom- 
plete ionization of ATP and ADP at the lower pH levels. Since the effect 
of Mg** on the degree of ionization of ATP and ADP is not known, no 
attempt can be made at present to recalculate the data, with correction for 
the possible partial ionization. 

Since an understanding of the reaction is far from complete, no attempt 
can be made to calculate a true equilibrium constant for the reaction or 
to determine thermodynamic functions (e.g. AF° or AS°) other than AH®. 
Eventually, however, the accumulation of more specific information on 
ionization and complex formation should permit use of the data presented 
here in accurate calculations of the equilibrium constant and the thermo- 
dynamic functions. 

The implications of the equilibrium data for metabolism deserve com- 
ment. The pH changes in working muscle would be reflected in changes of 
the equilibrium concentrations of ATP and Cr ~ P. The lack of suitable 
buffers in the range of pH 5.6 to 7 prevented determination of K’ in this 
physiological range, but it would appear from the data available that the 
increasing acidity resulting from lactic acid accumulation would displace 
the equilibrium in favor of ATP. This may account for the relatively 
small decreases in ATP concentration, but relatively large changes in 
Cr ~ P concentration during the early phases of heavy muscular work (16). 
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EXPERIMENTAL 


Methods—The concentrations of the components of the equilibrium mix- 
tures were calculated from the value for Cr ~ P (measured as described 
(4) and corrected as below), from the initial concentrations of reactants, 
and from the bimolecular stoichiometry of the reaction previously estab- 
lished (3). 

Appropriate mixtures of the components were preequilibrated at the 
desired temperature, and the enzyme was added in sufficient concentration 
to cause equilibrium to be reached in about 5 to 10 minutes (25 to 50 ¥ of 
enzyme per ml. of reaction solution). Protein up to 50 y per 10 ml. of 
acid molybdate was found not to interfere with the colorimetric determina- 
tion of P; by the King (17) method. For the study on the effect of protein 
concentration, when mg. quantities of protein were used, aliquots from the 
reaction mixture were deproteinized at 0° with an equal volume of cold 8 
per cent perchloric acid and centrifuged at 0°. Additional perchloric acid 
equivalent to that introduced with the sample was added to blank and 
standard tubes to compensate for any possible alteration in the color devel- 
opment due to increase in acidity. Control tubes were also run to correct 
for any decomposition of ATP and ADP occurring during the acid depro- 
teinization at 0°. This correction was negligible. 

To measure Cr ~ P in the equilibrium mixtures, aliquots were removed 
at successive time intervals to acid molybdate by calibrated self-adjusting 
micro pipettes (0.200 to 1.00 ml.), accurate to about 0.5 per cent. The 
acid molybdate instantaneously stopped the enzymatic reaction. The 
attainment of equilibrium was established by the constancy of the Cr ~ P 
values. Three or four determinations were made on reaction mixtures 
after the attainment of equilibrium, and the values were averaged. The 
precision was usually within about 1.5 per cent and seldom above 3 per 
cent. Within experimental error and under the conditions used, it was 
found by analyses of control tubes that no non-enzymatic decomposition 
of ATP, ADP, or Cr ~ P occurred in the reaction mixture. The finding 
that the measured equilibrium concentration of Cr ~ P remained constant 
for as long as 80 minutes at 30° further attests to the fact that no decom- 
position occurred in the reaction mixture. 

The 30 minute acid-hydrolyzable phosphorus, a measure of Cr ~ P, 
was corrected as follows. Each freshly prepared stock solution of ATP 
and ADP was analyzed for true inorganic phosphorus by the Lowry-Lopez 
procedure by extrapolating optical density values to zero time (18). This 
value was used to correct the 30 minute acid-hydrolyzable phosphorus. 
In addition, correction was made for the acid decomposition of ATP and 
ADP. Since this decomposition varies considerably with temperature, 
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control aliquots of ATP and ADP stock solutions (usually 10 um) were 
added to acid molybdate and run simultaneously with each group of Cr~ 
P determinations. The per cent decomposition was found to vary from 
about 2.6 per cent for ATP and 0.53 per cent for ADP at a room tempera- 
ture of 21.5° to about 6.4 per cent for ATP and 1.7 per cent for ADP at a 
room temperature of 31°. The percentage decomposition in acid molyb- 
date at any one temperature was found to be independent of the concen- 
tration of ATP or ADP (over a wider range than that employed in the 
experiments) and independent of the MgSO, concentration. 

The measured 30 minute acid-hydrolyzable phosphorus was first cor- 
rected for the true inorganic phosphorus introduced into the reaction mix- 
ture. This corrected value and the values for the initial concentrations 
of the components were used to calculate the approximate concentrations 
of ATP and ADP at equilibrium. From the approximate equilibrium 
concentrations of ATP and ADP, the amount of inorganic P formed by 
acid decomposition was estimated by means of the percentage decompo- 
sition determined under the particular conditions of the run. Subtract- 
ing this additional correction yielded the true Cr ~ P value. This calcu- 
lated Cr ~ P concentration was then used to recalculate the equilibrium 
concentrations of ATP, ADP, and creatine. The method of approxima- 
tions to correct for the acid decomposition of the equilibrium mixture of 
ATP and ADP has been found to be valid and reliable by repeated checks 
of the equilibrium approached from both directions. 

Since the equilibrium concentrations of three of the components (ATP, 
ADP, and Cr) are calculated from and dependent upon the analysis of 
Cr ~ P, small errors in the determination of Cr ~ P will result in com- 
paratively large errors in K’. Sinee the determinations of Cr ~ P may 
be in error by 1 to 3 per cent and since the initial measured (19) concentra- 
tions of either ATP or ADP are uncertain to the extent of 2 to 3 per cent, 
the K’ values measured cannot be assumed to be more accurate than 15 
to 25 per cent. 

Materials—Glass-distilled deionized water was used for all the work. 

Na,2H,ATP-4H.O (Pabst lot 115, mol. wt. 623) was fotind on analysis 
(19) to contain 92 per cent ATP and 6.6 per cent ADP (percentages are on 
amolar basis). The solid ATP was stored over Drierite at —10°. Fresh 
0.05 mM stock solutions were prepared daily. Inorganic phosphate (18) 
was determined on each solution and found to be about 1.8 m per cent. 

NaH,ADP-3H.O (Pabst lot 601, mol. wt. 503) was found on analysis 
(19) to contain 95.0 per cent ADP and 4.5 per cent ATP. Solid ADP and 
0.05 m stock solutions were treated as for ATP. Stock 0.05 m solutions 
were found to contain about 1.5 m per cent P,. 

Creatine hydrate (Eastman Kodak Company, No. 951) was found on 
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analysis (20) to contain 98.8 per cent creatine and 0.62 per cent creatinine: 
0.080 m solutions were prepared with distilled water and used within a few 
days. (A solution of creatine several weeks old was found to contain 1.88 
per cent creatinine.) 

The sample of crystalline synthetic creatine phosphate (3) was found to 
contain 0.00 per cent P; and 3.87 per cent free creatine. The exact molar. 
ities of each freshly prepared solution (3) were determined by analysis (4), 

The enzyme, prepared by Procedure B (4), was twice crystallized, dial. 
yzed against 0.01 m glycine, pH 9.0, and stored at 0° as an approximately 
5 per cent protein solution. 


SUMMARY 


The apparent equilibrium constant, K’ = ([ADP][Cr ~ P])/ ({ATP][Cr)), 
was measured under varying conditions of ionic environment, pH, temper- 
ature, and enzyme concentration. 

1. K’ has been shown to be greatly affected by Mg** (or Mn**) concen- 
tration. This may be explained in terms of complex formation with the 
species ATP and ADP. 

2. K’ is influenced by the pH, an effect readily explained in terms of its 
ionic species. 

3. K’ is only slightly influenced by the temperature, in agreement with 
data available for the heats of hydrolysis of ATP and Cr ~ P. 

4. K’ is independent of the protein catalyst concentration over a 2000- 
fold range. 

5. K’ is only very slightly influenced by ionic strength. 
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4 Use of the Beckman B spectrophotometer at 520 my, in contrast to the Evelyn 
colorimeter, permits fairly accurate determinations, since the optical density is 4 
linear function of the creatinine concentration over a wide range. 
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INHIBITION OF TRYPSIN 
I. SEQUENCE OF MIXING THE REACTANTS* 


By T. VISWANATHA# anv IRVIN E. LIENER 


From the Department of Agricultural Biochemistry, University of Minnesota, 
St. Paul, Minnesota) 


(Received for publication, January 11, 1954) 


Proteins capable of inhibiting the action of trypsin have been isolated 
from a variety of different sources, including the pancreas (1, 2), soy bean 
(3, 4), Lima bean (5, 6), egg white (7), colostrum (8), and blood plasma 
(9). When such studies have been made, it has been shown that these in- 
hibitors inactivate trypsin by combining with it stoichiometrically in a mo- 
lar ratio of 1:1. In arriving at this conclusion, the usual procedure has 
been to incubate the enzyme and inhibitor sufficiently long to permit the 
formation of an enzyme-inhibitor complex, followed by the addition of an 
appropriate substrate to determine the residual enzymic activity. The 
effect of changing the sequence of mixing the reactants on the course of in- 
hibition has received little attention. 

During the investigations with the soy bean trypsin inhibitor of Kunitz 
(3), it was observed that a change in the order of mixing of the reactants 
exerted a considerable influence on the extent of inhibition. Thus, in addi- 
tion to the usual procedure consisting of a preliminary incubation of the 
enzyme and inhibitor followed by addition of the substrate,' experiments 
were conducted in which the enzyme was added to a preincubated mixture 
of the substrate and inhibitor.2 An account of this aspect of tryptic inhi- 
bition with various trypsin inhibitors is presented in this paper. 


EXPERIMENTAL 


Materials—The trypsin employed in these studies was a twice crystal- 
' lized product purchased from the Worthington Biochemical Sales Company, 
Freehold, New Jersey. A stock solution was prepared fresh’ prior to each 
run, and the concentration of trypsin protein (mg. per ml.) was calculated 
from the absorbance measured at 280 my with a conversion factor of 0.585 

* Paper 3102, Scientific Journal Series, Minnesota Agricultural Experiment Sta- 
tion. 

t Visiting investigator from the Indian Institute of Science, Bangalore, India. 

' This sequence of mixing will be referred to as EI + 8S. 

? This sequence of mixing will be referred to as SI + E. 

? The time elapsing between the preparation of the trypsin solution and the com- 


mencement of each run was kept constant in order to minimize differences due to the 
autolysis of the enzyme. 
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(10). The desired trypsin concentration was obtained by suitable dilution 
of the stock solution. 

Five different trypsin inhibitors were investigated. The soy bean (3 
and pancreatic (1) trypsin inhibitors of Kunitz were purchased fron 
Worthington. Kazal’s pancreatic inhibitor (2) was generously provide 
by Dr. L. A. Kazal of Sharp and Dohme, Philadelphia. A purified prep. 
aration of the Lima bean inhibitor was kindly furnished by Dr. H. 8, 0) 
cott of the Western Regional Research Laboratory, Albany, Californig 
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Fig. 1. The rate of proteolysis by trypsin on casein in the presence of the soy 
bean inhibitor. Levels of trypsin and inhibitor were 60 and 19.5 y, respectively; 
the substrate (S) was 2 per cent casein. 
hibitor). 


The fifth inhibitor, ovomucoid, was prepared from egg white according to 
the method of Lineweaver and Murray (7) by Miss L. E. Hallanger of this 
laboratory. The protein concentration (mg. per ml.) of solutions of the 
soy bean and the Kunitz and Kazal pancreatic inhibitors was calculated 
from spectrophotometric measurements at 280 mu by using the conversion 
factors of 1.10 (10), 0.83 (11), and 1.54 (12), respectively. Since no ex- 
tinction coefficients have been reported for the Lima bean inhibitor and 
ovomucoid, the concentration of solutions of these inhibitors was deter- 
mined on the basis of dry weight. 

Methods—In the case of EI + S, 1 ml. of trypsin solution was mixed with 
1 ml. of a solution containing various levels of the inhibitor. After incuba- 


@e,EI+S;0,SI+ E; X,E +S (noin. 
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tion of this mixture at 37° for 10 minutes, 3 ml. of 2 per cent Hammarsten’s 
easeint were added, followed by an additional incubation period of 10 min- 
utes at 37°. All solutions were made up in 0.1 m phosphate buffer, pH 7.6. 
The reaction was stopped by the addition of 5 ml. of 5 per cent trichloroa- 
eetic acid. After standing at room temperature for 40 minutes, the mix- 
ture was filtered through Whatman No. 3 filter paper and a 0.5 to 1.0 ml. 
aliquot of the filtrate was diluted to 4 ml., neutralized with 2 ml. of 0.5 m 
NaOH, followed by the addition of 2 ml. of Folin-Ciocalteu reagent (13) 
and 2 ml. of 25 per cent Na,CO;. After standing for 20 minutes, the blue 
color was read at 650 mu. 

The change in the sequence of mixing to give SI + E merely involved 
preliminary incubation of the casein solution with the inhibitor solution, 
followed by the addition of the enzyme. The remainder of the procedure 
was unchanged. 

The 10 minute digestion period employed here was considered a valid 
indication of the true rate of reaction, since the amount of substrate hydro- 
lyzed per unit time was essentially constant (Fig. 1). It will be noted that 
zero order reactions were obtained in the presence or absence of the inhibi- 
tor, regardless of the order in which the reactants of the system were mixed. 
The greater degree of inhibition observed in the case of SI + E is the phe- 
nomenon which constitutes the basis of the present report. 

In the data to be presented, the absorbance measured at 650 my has 
been converted into micrograms of trypsin on the basis of the standard 
curve which relates absorbance to trypsin concentration. This standard 
curve was linear up to a trypsin level of 60 y. 

The substrate used for the denaturation experiments was crystalline 
8-lactoglobulin, kindly provided by Dr. Robert Jenness of this Department. 
In the case of EI + §S, 1 ml. of trypsin solution was incubated for 15 min- 
utes at 27° with 1 ml. of a solution of soy bean inhibitor. To this mixture 
were added 3 ml. of 2 per cent 8-lactoglobulin, followed by 1 ml. of urea 
solution to give a final urea concentration of 19 per cent (weight per vol- 
ume). Solutions of all reactants were buffered at pH 8.25 with 0.1 m am- 
monia-ammonium buffer (14). In the case of SI + E, the enzyme solu- 
tion was added to a preincubated mixture of 6-lactoglobulin and the 
inhibitor, finally followed by the addition of urea. The rate of denatura- 
tion was measured by changes in optical rotation (14) as well as by changes 
in the solubility of 8-lactoglobulin in the salt-buffer mixture of Jacobsen and 
Christensen (15). An FE, value (average) of 9.5 (16) was used to cal- 
culate the concentration of soluble B-lactoglobulin from spectrophotomet- 
rie measurements at 280 mu. 


‘General Biochemicals, Inc., Chagrin Falls, Ohio. 
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Results 


Soy Bean, Lima Bean, and Kazal’s Pancreatic Inhibitors, and Ovomucoid~ 
The influence of the sequence of mixing on the inhibition of the proteoly. 
tic action of trypsin by various trypsin inhibitors (except Kunitz’s Dali 


creatic inhibitor (see below)) is shown in Fig. 2. Adding the enzyme to, 
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Fic. 2. Effect of sequence of mixing on inhibition of the proteolytic activity of 
trypsin by various trypsin inhibitors. The level of trypsin added to various levels 
of the inhibitors was 60 7; the substrate was 2 per cent casein. @, EI + 8: O,S8I+ 
EK. The quantity of trypsin inhibited was determined according to the procedure 
described in the text. 


mixture of the substrate and the inhibitor has resulted in a greater degree 
of inhibition than the conventional procedure of adding the substrate toa 
mixture of the enzyme and the inhibitor. The apparent exception to this 
statement is the Lima bean inhibitor, which constitutes a special case and 
will be discussed later. In Table I a comparison is made between combit- 
ing ratios of trypsin and the various inhibitors and the observed values in 
the cases of EI + S and SI + E. The values reported here for the case of 
KI + § are in good agreement with the theoretical and available values in 
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literature, whereas the values for SI + E, with the exception of the Lima 
bean inhibitor, are higher and deviate to a variable extent from the theoret- 
ical predictions. 

Since the soy bean inhibitor is also known to inhibit the denaturing ac- 
tion of trypsin as well as its hydrolytic action (17), the rate of denaturation 
as affected by the sequence of mixing the reactants was studied. The rates 
of denaturation, as measured by changes in optical rotation and solubility, 
are shown in Fig. 3. These results fully confirm the data of the digestion 


TABLE I 
Effect of Sequence of Mixing Reactants upon Combining Weights of Trypsin with 
Various Trypsin Inhibitors 


Trypsin inactivated by 1 y of inhibitor 


Inhibi Mol. wt.* — SI+E 
nhibitor Mol. wt - Experimental EI —S 
Theo- 
reticalt | 
| Literature* EI + St | SI+ Et | 
¥ 7 + ¥ | ¥ 

Soy bean 21,000 (23) | 0.95 | 1.00 (12) 1.00 Sa) | 3H 
Kazal’s pancreatic § § 2.57 (12) 2.65 4.00 1.51 
Kunitz’s - 9,000 (11) | 2.34 | 2.07 (12) 2.06|| 4.65]| | 2.26 
2.124 4.469 2.11 
Ovomucoid 29,000 (7) 0.73 asia 0.78 1.00 | 1.28 
Lima bean 10,000 (6) 2.00 | 2-3 (6) 2.34 2.34 | 1.00 


* Citations from literature are given in parentheses. 

t Based on a stoichiometric reaction between inhibitor and trypsin, combining in 
amolar ratio of 1:1. The molecular weight of trypsin has been taken as 20,000 (23). 

t Taken from data of Fig. 2, except where noted otherwise. 

§ This preparation was not electrophoretically homogeneous (2). 

| Taken from data of Fig. 4. 

§ Taken from data of Fig. 5. 

** No reliable data reported in the literature. 


experiments with the soy bean inhibitor and show in a rather striking fash- 
ion the increased inhibition that is effected by simply changing the order 
in which the various reactants are mixed. 

Kunitz’s Pancreatic Inhibitor—This inhibitor is of special interest since 
it has been shown by Kunitz and Northrop (1), and more recently by Green 
and Work (18), that, in contrast to other trypsin inhibitors, the reaction 
between this inhibitor and trypsin is comparatively slow. In one of the 
few recorded studies of the effect of sequence of mixing on trypsin inhibi- 
tion, Green and Work (18) have shown that adding trypsin to a mixture 
of denatured hemoglobin and Kunitz’s pancreatic inhibitor (SI + E) re- 
sulted in less inhibition than was obtained when the substrate was added to 
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a mixture of the enzyme and inhibitor (EI + 8). It was logically pointgj 
out by these authors that such an effect would be expected since, in th 
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Fia. 3. Effect of sequence of mixing on inhibition of the denaturing action of 
trypsin by soy bean inhibitor. The level of trypsin and soy bean inhibitor was 30) 
and 100 y, respectively; the substrate was 2 per cent crystalline 8-lactoglobulin 
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The detailed procedure is described in the text. O, EI +8; @,SI+ E; x,E+8 


(no inhibitor). Solid curves show the rate of change in optical rotation at 27°, - 


where denaturation is accompanied by increased levorotation (14); dash curves show 
the rate of denaturation as measured by changes in solubility in salt-buffer mixture 
of Jacobsen and Christensen (15). 


Fia. 4. Effect of sequence of mixing on inhibition of the proteolytic action of | 


trypsin by Kunitz’s inhibitor. The level of trypsin added to various levels of in- 
hibitor was 60 7; the substrate was 2 per cent casein. @®,EI +8; 0,SI+E. The 
quantity of trypsin inhibited under these conditions is shown by the solid curves. 
Correction values for SI + E, obtained under identical conditions by adding equiv- 
alent amounts of trypsin to each level of inhibitor, were deducted from the SI +E 
curve to give the corrected SI + E curve (dash line). 


time necessary for the enzyme and inhibitor to combine. This observa- 
tion was fully confirmed as shown by a comparison of the EI + § and SI 
+ E (uncorrected) curves in Fig. 4. 

An attempt was made to correct for the digestion that ensues during the 
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time elapsing before enzyme-inhibitor complex formation is complete by 
the following procedure. Digestion tubes were prepared containing the 
substrate and various levels of the inhibitor. After the usual preliminary 
incubation period, to each flask was added an equivalent amount of trypsin 
necessary to neutralize the inhibitor (2 y of trypsin per microgram of inhi- 
bitor (Fig. 4, curve for EI + 8)). The digestion observed during the en- 
suing incubation period of 10 minutes® is due only to the delay in the for- 
mation of the enzyme-inhibitor compound, and may therefore be deducted 
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MICROGRAMS INHIBITOR 
Fic. 5. Effect of sequence of mixing in the presence of a trypsin-resistant sub- 
strate on the inhibition of the proteolytic action of trypsin by Kunitz’s pancreatic 
inhibitor. The level of trypsin added to various levels of the inhibitor was 60 7; 
the substrate was 1 per cent native hemoglobin. @®,EI+8;0,SI+ E. Residual 
tryptic activity after 15 minutes was measured on an aliquot of each mixture by the 
casein digestion technique described in the text. 


from the corresponding values of SI + E which were determined in the 
usual manner. In Fig. 4 it may be seen that the SI + E curve corrected 
in this manner now shows a greater degree of inhibition than the EI + 8 
curve, 

A substrate was sought which would reveal the influence of the sequence 
of mixing without introducing the complication of the enzymic activity 


‘Separate experiments had indicated that the reaction between trypsin and 
Kunitz’s pancreatic inhibitor in the absence of the substrate was complete within a 
minute. In the presence of the substrate, however, formation of the enzyme-in- 
hibitor complex was considerably delayed, 5 minutes being required for completion 
of the reaction. 








104 INHIBITION OF TRYPSIN. I 


that takes place during the time lag involved in the formation of the e, 
zyme inhibitor compound. Native hemoglobin® was selected for this py. 
pose because of its relative resistance to tryptic hydrolysis (10). To, 
mixture of 3 ml. of hemoglobin solution and various levels of the inhibite 
in a volume of 1 ml. was added 1 ml. of trypsin solution. All solutions 
were made up in 0.1 M phosphate buffer, pH 7.6. After an incubation pp. 
riod of 15 minutes at 37°, the tryptic activity was measured on a 2 ml, ali. 
quot by the casein digestion method previously described. Corrections 


Taste II 
Effect of pH on Sequence of Mixing 
The level of trypsin was 100 y._ The substrate was 1 per cent native hemoglobin 
Trypsin, soy bean inhibitor, and hemoglobin solutions were prepared in buffers of 
pH 4.2 (0.1 M acetate), 5.6 (0.1 M acetate), or 7.6 (0.1 M phosphate). Residual tryptic 
activity after 15 minutes was measured on an aliquot of each mixture by the caseip 
digestion technique described in the text. 


Trypsin inhibited 


Inhibitor level pH 
EI +S SI+E 
¥ Y ¥ 
26 1.2 28 27 
5.6 26 29 
7.6 28 52 
33 4.2 31 31 
5.6 33 37 
7.6 35 66 
20 7 .6* 23 40 
2.4* 20 20 


* Refers to pH of the enzyme solution only. Trypsin was dissolved in 0.1 x 
phosphate buffer (pH 7.6) or 0.025 m HCl (pH 2.4) at a level of 60 y per ml. Pre- 
liminary incubation with hemoglobin was not employed in this instance. The other 
reactants, the inhibitor and casein dissolved in 0.1 M phosphate buffer (pH 7.6), were 
added as deseribed under ‘‘Methods.”’ 


were applied for the slight amount of digestion that had occurred during 
the incubation with hemoglobin. In the case of EI + §, a similar proce- 
dure was followed, except that the enzyme and inhibitor were incubated 
for 10 minutes prior to the introduction of hemoglobin. The results of 
this experiment, presented in Fig. 5, show that greater inhibition of trypsin 
was effected when enzyme was added to the substrate (hemoglobin) and 
inhibitor. 

The combining ratios for trypsin and the Kunitz pancreatic inhibitor 
have been calculated from the curves of Figs. 4 and 5 and are recorded in 

° Bovine hemoglobin enzyme substrate powder, Armour and Company, Chicago, 
Illinois. 
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Table I. Excellent agreement was obtained between these two experi- 
ments, thus strengthening the probability that the pancreatic inhibitor of 
Kunitz is affected in the same manner by the sequence of mixing as are 
other inhibitors. 

Sequence of Mixing As Related to pH—For this study it was not possible 
to use casein directly because of its insolubility in acid solutions (pH <7). 
For this reason native hemoglobin was again used as the substrate. In 
the case of SI + E, 1 ml. of trypsin solution was added to a mixture of 3 
ml. of 1 per cent hemoglobin solution and 1 ml. of soy bean inhibitor solu- 
tion, all three reactants being dissolved in the same buffer at any one pH. 
Residual tryptic activity in a 2 ml. aliquot which was removed after 15 
minutes incubation at 37° was measured by the digestion of casein in the 


TaBLeE III 
Effect of Calcium on Sequence of Mixing 


The level of trypsin was 60 y prepared in borate buffer (pH 7.6) with and without 
0.01 m CaCle. Various levels of soy bean inhibitor and casein substrate were pre- 
pared in borate buffer from which calcium had been omitted. 


Trypsin inhibited 








Inhibitor level Without Ca : With Ca++ With Catt + EDTA* | 
EI+s | sIt+E | EI+S | SI+E EI+s | SI+E 
v 7 7 7 v 7 7 
10 9 12 5 6 8 8 
20 20 | 33 | 9 9 19 18 
30 32 53 18 18 30 30 


* The inhibitor was dissolved in borate buffer containing 0.01 mM EDTA. 


usual manner. A comparison was made with EI + 8 under identical con- 
ditions, with the results summarized in Table II. It is interesting to note 
that the SI + E type of mixing results in greater inhibition only at pH 
7.6. At pH 4.2 and 5.6, no difference in the degree of inhibition between 
EI + § and SI + E was apparent. 

Included in Table II are the results of an experiment in which only the 
enzyme was dissolved in 0.025 m HCl (pH 2.4) or 0.1 m phosphate buffer 
(pH 7.6). The other components of the system, soy bean inhibitor and 
casein, were prepared in the phosphate buffer and added in the usual man- 
ner to give the two types of mixing. Preliminary incubation with hemo- 
globin was omitted in this experiment. It will be noted that, when trypsin 
is dissolved in acid solution, no difference in inhibition between the two 
types of mixing is observed. 

Sequence of Mixing As Affected by Calcium Ions—Since the activity and 
properties of trypsin are markedly affected by calcium (19-21), the effect 
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of calcium ions (added to the enzyme solution) on the sequence of mixj 
was studied with the results shown in Table III. The effect of ethy, 
enediaminetetraacetate (EDTA) incorporated into the inhibitor solutiq 
was likewise investigated in conjunction with the trypsin solution contaip. 
ing calcium. Contrary to results previously obtained, no difference be 
tween the two types of mixing was obtained in the presence of calcium g 
pH 7.6. The lower inhibition values obtained in the presence of calciun 
may be attributed to the activating effect which this metal exerts on tryp. 
sin (22). It may be noted that EDTA fully counteracts the activating 
influence of calcium, but is unable to restore the difference in inhibition be. 
tween the two types of mixing observed in the absence of calcium. 
DISCUSSION 

These data show that the sequence in which trypsin, substrate, and cer. 
tain inhibitors are mixed exerts a profound influence on the degree of inhi- 
bition that occurs. In the case of SI + E, in which the enzyme and inhibi. 
tor are made to react in the presence of the substrate, a greater inhibition 
is obtained than in the case of EI + §, in which the enzyme and inhibite 
are allowed to combine in the absence of the substrate. Reduced to its 
simplest aspect, it may be said that more enzyme is inhibited by the same 
amount of inhibitor in the presence of the substrate than in its absence! 

A clue as to the possible mechanism involved may be deduced from the 
observation that this difference in inhibition due to changes in the sequence 
of mixing was not obtained in acid solution (Table IT) nor in the presence 
of calcium ions (Table IIT), conditions which are known to favor the exis 
tence of the monomeric form of trypsin (21). On the other hand, at a pi 
which is favorable for enzymic activity (pH 7.6) trypsin exhibits the prop- 
erties of a monomer-polymer equilibrium (21), and it is under these condi- 


tions that greater inhibition is obtained when enzyme and inhibitor inter- | 


act in the presence of the substrate. 
If one accepts 20,000 as the molecular weight of the monomeric form d 
trypsin (23), the theoretical combining ratios of trypsin and the various 


inhibitors are in good agreement with those determined experimentally for 


EI + S (see Table I), thus indicating that under these conditions the mon- 
omeric species of trypsin most likely combines with the inhibitor. Since 
an increase in the combining ratio between trypsin and inhibitor is observed 
in the case of SI + E, a combination of some polymeric form of trypsin 
with the inhibitor is considered probable in this instance. Since these in- 


7 The possibility that an interaction between the protein substrate and inhibitor 
might be involved was not considered likely, since ultracentrifugal and electro- 
phoretic analyses kindly performed by Dr. M. J. Pallansch indicated very little 
interaction between bovine serum albumin and the soy bean trypsin inhibitor. 
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creases ((SI + E/EI + S) in Table I) varied from 1.28 (ovomucoid) to 
9.26 (Kunitz’s pancreatic inhibitor), no general conclusion can be reached 
regarding the exact polymeric form of trypsin involved. Preliminary ex- 
periments with the soy bean inhibitor indicate that the combining ratio of 
enzyme to inhibitor with the system SI + E is dependent on the concen- 
tration of the enzyme. This observation is in line with the finding that 
the equilibrium between the monomeric and polymeric species of trypsin 
is likewise dependent on concentration (21). 

In contrast to the other inhibitors studied, the Lima bean inhibitor 
failed to exhibit differences in inhibition when the sequence of mixing was 
changed. A study of the type of inhibition involved here by using the double 
reciprocal plot of Lineweaver and Burk (24) produced a family of straight 
lines characteristic of “uncompetitive inhibition.’”*® This, again, is in con- 
trast to some of the other inhibitors which have been shown to display the 
“non-competitive” type of inhibition (7, 18). According to Ebersole et 
al. (25), the uncompetitive type of inhibition involves a specific combina- 
tion of the inhibitor with the enzyme-substrate complex. Since the sub- 
strate is an obligatory participant in this reaction, no essential difference 
would be expected between the two types of mixing. It may perhaps be 
pertinent to mention that preliminary experiments involving acetylated 
trypsin and the soy bean inhibitor did not reveal any difference between 
EI +S and SI + E, and here again uncompetitive inhibition was demon- 
strated. The implication of these findings in relation to the hypothetical 
considerations which have been discussed is being further explored. 


SUMMARY 


The inhibition of trypsin by various trypsin inhibitors has been studied 
under conditions under which (1) the substrate was added to a preincubated 
mixture of the enzyme and inhibitor (EI + 8), and (2) the enzyme was 
added to a preincubated mixture of the substrate and inhibitor (SI + E). 
A greater degree of proteolytic inhibition was observed in the latter case 


! with the soy bean inhibitor, Kazal’s and Kunitz’s pancreatic inhibitors, 


and ovomucoid. The Lima bean inhibitor failed to conform to these gen- 
eral observations. 

A greater degree of inhibition of the denaturing action of trypsin on §- 
lactoglobulin by the soy bean inhibitor was likewise obtained in the case of 
SI + E. 

No difference between the two types of mixing was noticed with the soy 
bean inhibitor when the enzyme was prepared in acid solution or in the 
presence of calcium ions. 


* Unpublished data. 
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PREPARATION OF GLUTAMATE AND CARBAMYL 
GLUTAMATE SELECTIVELY LABELED 
WITH DEUTERIUM* 
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Hitherto a-deutero-L-glutamic acid has been prepared by Konikova et 
al. (1) and by Sprinson and Rittenberg,! by enzymatic methods. Ratner 
eal. (2) obtained labeled y-deutero-L-glutamic acid by an exchange 
method. However, deutero-L-glutamic acid, selectively labeled in the 8 
ora,8 positions, has not been obtained up to now. The preparation of all 
the possible forms of deutero-labeled L-glutamic acid in sizable quantities 
appeared desirable, both for the study of the mechanism of activation of 
some of the metabolic reactions of glutamic acid and for the synthesis of 
selectively labeled glutamic acid derivatives such as carbamylglutamic 
acid,? which were needed for the clarification of the structure of the active 
intermediate in citrulline biosynthesis (3). 

This paper presents the methods used for the preparation of sizable 
quantities of glutamic and carbamylglutamic acids highly enriched with 
deuterium in positions a, 8, y, and a,8, together with some observations 
on the chemical and biochemical behavior of the §-hydrogen atoms of 
a-ketoglutarate. 


Materials, Methods, and Procedures 


Deuterium water, 99.8 atom per cent excess D, was obtained from the 
Stuart Oxygen Company on allocation from the Atomic Energy Commis- 
sion. Cysteinesulfinic acid was synthesized by the method of Lavine (4). 


* Supported in part by grants from the Rockefeller Foundation, the United States 
Public Health Service, the Wisconsin Heart Association, and the Research Committee 
of the Graduate School with funds supplied from the Wisconsin Alumni Research 
Foundation. 

} Established Investigator of the American Heart Association during part of this 
work. Present address, Department of Medicine, Medical Center, University of 
Kansas, Kansas City, Kansas. 

We are most grateful to Dr. Sprinson and Dr. Rittenberg for a private communi- 
cation to Dr. P. P. Cohen concerning their method of preparation of a-labeled glu- 
tamie acid. 

* Unless specifically indicated, all of the amino acids and amino acid derivatives 
referred to in this paper are the L compounds. 
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a-Ketoglutaric acid was made by the procedure of Neuberg and Ringer (5 
from potassium oxalosuccinic acid ester prepared essentially according ty 
Wislicenus and Waldmiiller (6). 

Highly purified glutamic-oxalacetic transaminase was obtained from 
heart muscle according to the procedure of Cammarata and Cohen (7, 
Glutamic-pyruvic transaminase was purified from heart muscle according 
to Rand (8). Cysteinesulfinic-a-ketoglutaric transaminase was obtained 
from Proteus vulgaris strain OX-19 (from the collection of the Pastey 
Institute) as outlined by Kearney and Singer (9, 10). 

Glutamic acid was estimated manometrically with a specific decarboxyl. 
ase from Escherichia coli, ATCC 4157, grown and treated as described by 
Cammarata and Cohen.’ a-Ketoglutaric acid was estimated by the color- 
metric method of Friedemann and Haugen (11). 

Glutamic-oxalacetic transaminase activity was estimated according to 
Cammarata and Cohen (12). Glutamic-pyruvic transaminase activity was 
measured according to the method of Rand (8), and also by measuring 
pyruvic acid according to the method of Straub (13), as recommended by 
Green et al. (14). Cysteinesulfinic-a-ketoglutaric transaminase was esti- 
mated by measuring manometrically glutamic acid formation. 

Carbamylglutamic acid was synthesized from glutamic acid and potas. 
sium cyanate according to the procedure of Nyc and Mitchell (15). 

Deuterium concentration was ascertained on samples prepared accord- 
ing to Graff and Rittenberg (16), with the aid of a Consolidated-Nier 
isotope ratio mass spectrometer. 


EXPERIMENTAL 


Exchange of Hydrogen Atom of Glutamyl Nitrogen of Carbamylglutamic 
Acid—To establish that this hydrogen atom exchanges very rapidly and 


consequently cannot interfere with some of the preparations to be de- | 


scribed, the following experiment was conducted. 4.25 gm. of glutamic 
acid were dissolved in 48 gm. of D,O (99.8 atom per cent excess D) with 
the aid of solid sodium hydroxide to bring the pH to neutrality. After 


standing at room temperature for 2 hours, 2.5 gm. of potassium cyanate 


(15) were added and the mixture left at room temperature for an additional 
18 hour period. The mixture was acidified, and the carbamylglutamie 
acid which separated upon cooling was recrystallized three times from 
water. The recrystallized carbamylglutamic acid showed no detectable 
deuterium. If the glutamy] nitrogen had retained the theoretical amount 
of deuterium exchanged during the incubation of glutamate or during the 
subsequent synthesis of the carbamy] derivative, and if this deuterium had 


3 Cammarata, P. §., and Cohen, P. P., to be published. 
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not exchanged during the isolation procedure, the sample should have 
contained about 9.7 atom per cent deuterium excess. 

a-Labeled Glutamic and Carbamylglutamic Acids—900 mg. of glutamic acid 
and 96 mg. of a-ketoglutaric acid were added to 176 gm. of D.O (99.8 atom 
per cent excess D) neutralized to pH 7.2 with solid sodium hydroxide, and 
the mixture was completed with 50 mg. of purified glutamic-oxalacetic 
transaminase (1 mg. equal to 5000 units (7)). The mixture was then in- 
cubated for 6 hours at 38°. At the end of this period, 2 gm. of solid tri- 
chloroacetic acid were added, and the mixture was shell-frozen and concen- 
trated to about 40 ml. by lyophilization. Then 100 ml. of 10 per cent 
HClO, and 20 ml. of water were added and the vessel was allowed to stand 
for 6 hours in the cold. The denatured protein was filtered off and the 
water phase was extracted with 200 ml. of ether. The ether phase was 
separated and extracted with 20 ml. of water, which was then combined 
with the main water phase. 5 gm. of Ba(ClO,)2-3H.O were added, fol- 
lowed by enough solid sodium hydroxide to turn phenolphthalein distinctly 
pink. After 1 hour, 800 ml. of 95 per cent EtOH were added, and the pre- 
cipitate which formed was collected by centrifugation after standing 12 
hours in the cold. The precipitate was dissolved in about 100 ml. of water 
and the barium-alcohol precipitation repeated twice. Finally the precipi- 
tate was dissolved in about 60 ml. of water, the barium was quantitatively 
removed with potassium sulfate, and the water phase was carefully concen- 
trated to dryness at room temperature in a desiccator over CaCl. The 
dry material was then taken up in 6 ml. of water (in several portions), 
heated at 60°, filtered, and the filtrate adjusted stepwise to pH 3.2, first 
with concentrated HCl and then with 2 N HCl. The precipitate which 
formed on cooling was filtered, washed with 1 ml. of cool water, then with 
ethanol, and dried. It yielded 762 mg. of pure t-glutamic acid. Deu- 
terlum excess calculated for total exchange in the a position is 11.1 per 
cent; that found was 11.2 per cent. 650 mg. of the a-labeled glutamic 
acid were then converted into carbamylglutamic acid in the usual manner 
(15). Deuterium calculated was 10.1 atom per cent excess, found 9.9 
atom per cent excess, and the yield 485 mg. 

B-Labeled a-Ketoglutaric, Glutamic, and Carbamylglutamic Acids—31.5 
gm. of the potassium salt of oxalosuccinic acid ester, prepared according 
to Wislicenus and Waldmiiller (6), were dissolved in 45 ml. of D.O (99.8 
atom per cent excess D) and extracted twice with 50 ml. portions of ether. 
The solution was then acidified to pH 2.0 with about 3 n D.SO, (prepared 
by the addition of 3 ml. of fuming sulfuric acid to 34 ml. of D.O). The 
mixture was extracted six times with 50 ml. portions of dry ether. The 
ether extracts were then dried overnight with anhydrous sodium sulfate, 
filtered, and evaporated to dryness under reduced pressure. The oxalo- 
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succinic acid ester was then hydrolyzed essentially as described by Neuber As i 
and Ringer (5) by using DCl (60 ml. of concentrated HCl were mixef tribute 
with 115 ml. of D,O (99.8 atom per cent excess D)) by refluxing the mix} the a-1 
ture for 8 to 10 hours. The solution was evaporated to dryness unde trality 
reduced pressure. The solid a-ketoglutaric acid which deposited was experil 


recrystallized from ethyl acetate. Yield 10 gm., m.p. 110°; estimated 
atom per cent excess D about 23 per cent, found 21.2 per cent. 

30 mo of this labeled a-ketoglutaric acid, 30 mm of cysteinesulfinic acid Abs 
and 6 mm of MnCl, were dissolved in water and brought to pH 9.4 with 
concentrated sodium hydroxide, and the volume was made to 450 ml =" 
Then 150 ml. of 0.5 m NH,Cl-NaOH buffer, pH 9.4, were added, and the 
mixture completed with 2 gm. of a lyophilized preparation of Proteus 





1 

OX-19. The mixture was divided into 2 aliquots in two 1 liter flasks and 2 

incubated with shaking at 35° for 1 hour. 3 
At the end of this time the incubation mixtures were deproteinized by ie 
heating in a boiling water bath for 5 minutes. After being cooled and} keto 


filtered, the combined deproteinized mixture was treated with 47 gm. of [to 751 
Ba(ClO,)2-3H2O and the precipitate filtered off. The clear filtrate was — sine. 

then treated with 4 volumes of 95 per cent EtOH and the precipitate eo. } ™e4 
lected by centrifugation after standing 5 hours in the cold. The precipi- oy 
tate was taken up in 300 ml. of water and lyophilized. The dry material | The y 
was then extracted with about 25 ml. of water, heated to 60°, cooled, and §  aliquo 
the filtrate adjusted to pH 3.2 with concentrated HCl. The crystals [|  tamic 
which formed upon cooling were recrystallized from water to give 1.272} 2" 


‘ ‘ " 4 : ie 
gm. of pure L-glutamic acid. Theoretical deuterium 14.15 atom per cent iT 
excess, found 10.5 atom per cent excess. for co 


The corresponding carbamylglutamic acid was made as usual and found | Final 
to contain 9.45 atom per cent excess D. This corresponds to the theoreti- } cent « 
cal D concentration calculated from the value found for glutamic acid. rp 

It is evident that there was about 26 per cent loss of deuterium in the dal 
conversion of a-ketoglutarate to glutamate, and that this loss probably | ¢ mi. 
was due to enolization of the a-ketoglutarate. Although the possibility 
that this effect arose from transamination appeared unlikely, it was of [| durir 
interest to exclude it. It also was important to see whether or not the pH. 
exchange occurred under milder conditions in the presence of a purified | dehy 
transaminase with optimal activity at a lower pH, which at the same time 





would permit the isolation of glutamate of the desired labeling in reason- ay 
able quantities. We therefore chose the a-ketoglutaric-alanine trans- sheor 


aminase which has an equilibrium more favorable to synthesis of glutamate | evolt 


than the a-ketoglutaric-aspartic system (17, 18). show 
vatic 

‘We attempted to favor the formation of larger quantities of glutamic acid by trans 
continuous removal of oxalacetic acid. To this end we studied the reaction in the ethy] 
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As is seen from the data presented in Table I, no exchange can be at- 
tributed to the action of the transaminase, and little exchange occurred in 
the a-ketoglutarate during 30 minutes incubation at 38° at pH near neu- 
trality. From these data it appears that the main exchange in the earlier 
experiment occurred during neutralization of the a-ketoglutaric acid and 


TaBLe [ 


Absence of Exchange of B-Hydrogen of a-Ketoglutarate during Transamination 








Atom 
Seeman) Compound isolated ss Incubation components present 
found* 
1 a-Ketoglutaric acid 17.8 | a-Ketoglutarate 
2 = = a7.7 | i and glutamate 
3 Glutamic acid 11.67 ig ** alanine 





In all the experiments, 2 ml. aliquots were diluted with 5 parts of non-labeled 
a-ketoglutarate, and 3 ml. of concentrated HCl and water to bring the final volume 
to 75 ml. were added; this was followed by the addition of 2,4-dinitrophenylhydra- 
zine. The mixture was boiled and, after being cooled, the hydrazones were sep- 
arated, washed, dried, and analyzed for deuterium. In Experiment 2, after the 
removal of the initial 2 ml. aliquot, the remaining 40 ml. were treated with 4 gm. of 
solid trichloroacetic acid. The deproteinized filtrate was extracted with ether. 
The water phase contained at this time a total of 1075 um of glutamic acid. An 
aliquot containing 980 um was diluted with 10 times that amount of non-labeled glu- 
tamic acid. The mixture was adjusted to pH 3.2, and the glutamic acid which 
separated was recrystallized twice from water. 

* All the values given are corrected for dilutions during the isolation procedures. 

+ This value approximates the theoretical value of 11.87 atom per cent excess D 
for conversion of a-ketoglutarie acid to glutamic acid without loss of deuterium. 
Final substrate concentrations: B-labeled potassium a-ketoglutarate 17.8 atom per 
cent excess D, 5 X 107? mM; alanine 1 X 10-2 mM; glutamate 1 X 107? m; hydroxytri- 
methylammonium methane buffer, pH 7.2, 2 X 10-?m. Enzyme, 2.5 mg. of Rand’s 
(8) glutamic-pyruvic transaminase (105 units per mg.) per ml. of incubation mixture. 
Temperature 38°; incubation time 30 minutes; final volume for Experiments 1 and 3, 
6 ml., for Experiment 2, 42 ml. 








during the incubation with cysteinesulfinic acid transaminase at a higher 
pH. The possibility exists that the loss of deuterium is due to glutamic 
dehydrogenase or to some other enzymatic action aside from transaminase. 





presence of ethylenediamine citrate buffer, pH 6.75 (up to0.1Mm). Although we were 
able to effect a rapid decarboxylation of oxalacetate as measured by disappearance of 
absorption of the keto acid in the spectrophotometer (12) and by measuring CO, 
evolution, we were unable to shift appreciably the equilibrium of the reaction as 
shown by manometric measurements and by pyruvate estimation (13). This obser- 
vation might warrant an investigation of the equilibrium for the glutamic-oxalacetic 
transaminase in the virtual absence of oxalacetate removed continuously with 
ethylenediamine buffer; pyruvic acid does not affect the reaction. 
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In fact, crude preparations of Proteus such as those used in the present 
work contain glutamic dehydrogenase (10). To test the influence of pH 
upon the exchange and to test whether or not the enolization of the a-ke. 
toglutaric acid involves both 8-hydrogens (such an exchange would provide 
a simpler method for labeling both 8-hydrogens of the a-ketoglutaric acid), 
the experiment recorded in Table II was carried out. 


TaBLe II 
Influence of pH upon Non-Enzymatic Exchange of B-Hydrogen of a-Ketoglutaric Acid 

















Experiment No. | Atom per cent excess D found* | pH during incubation 
1 0.8 | 1.0 
1 | 1.4 | 7.5 
1 | 19.8t | 13.0 
2 | 5.20 | 1.0 
2 4.99 7.3 








In Experiment 1, 150 mg. of non-labeled a-ketoglutaric acid were dissolved in 10 
ml. of 79 atom per cent D,O. Then the samples were adjusted to the desired pH 
with HCl or NaOH, and the volume made up to 13 ml. After 80 minutes incubation 
at 38°, 10 ml. of concentrated HCl were added, and then 100 ml. of 20 per cent Hl 
containing 150 mg. of 2,4-dinitrophenylhydrazine. The hydrazones were filtered and 
dried in the usual way. In Experiment 2, 300 mg. of 8-labeled a-ketoglutaric acid, 
5.20 atom per cent excess D, were dissolved in 200 ml. of water and the pH adjusted 
with HCl or NaOH. After a 30 minute incubation at 38°, 15 ml. of concentrated 
HCl and 300 mg. of 2,4-dinitrophenylhydrazine were added. The hydrazones were 
filtered and dried in the usual way. 

* All the values given are corrected from the analytical values of the 2,4-dini- 
trophenylhydrazones. 

¢ This value approximates the theoretical value of 20.3 for total exchange of the 
B-hydrogens. 





It can be seen that below pH 7.0 little exchange occurred, but that at 
alkaline pH total exchange occurred in a short period. We have taken 
advantage of this to label glutamic acid in the 6 as well as in the a position 
as described below. 

a,8-Labeled Glutamic and Carbamylglutamic Acids—1.460 gm. of a-keto- 
glutaric acid were dissolved in 50 ml. of water and 91 ml. of D.O (998 
atom per cent excess D) were added, followed by 15 ml. of 2 n KOH to 
bring the pH to 13.0. The mixture was allowed to stand at room tem- 
perature for 40 minutes; then 792 mg. of MnCl,-4H.0, 665 mg. of NHC, 
and 1.356 gm. of cysteinesulfinic acid were added, followed by 16 ml. of 
water and 7.5 ml. of 2 nN KOH to bring the pH to 9.4; the mixture was then 
completed with 660 mg. of the Proteus preparation and incubated for | 
hour at 35° with shaking. At the end of the incubation period, it was 
heated in a boiling water bath for 5 minutes, followed by cooling and 
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filtration. The deproteinized solution was then treated with 31.5 gm. of 
Ba(ClO,)2-3H2O and the barium precipitate was filtered. To the clear 
filtrate were added 4 volumes of 95 per cent ethanol, and the precipitate 
was centrifuged after 5 hours in the cold. The precipitate was taken up 
in 100 ml. of water and reprecipitated twice with alcohol. Finally the 
precipitate was dried under a vacuum in a desiccator over CaCl. The 
dry precipitate was extracted with about 200 ml. of water and the barium 
precipitated with K:SO,. The barium-free solution was then dried by 
lyophilization. The dry material was taken up in about 5 ml. of water, 
heated, cooled, and the insoluble material centrifuged. The precipitate 
was washed twice with 2.5 ml. of water, and the combined washings and 
supernatant solution were brought to pH 3.2 with concentrated HCl. 
The crystalline precipitate was recrystallized from water to give 550 mg. 
of pure L-glutamic acid (calculated deuterium atom per cent excess for 
complete substitution in the a- and 8-hydrogens 15.7; found 15.7). The 
carbamylglutamic acid prepared from this glutamic acid in the usual way 
gave the theoretical value of 14.2 atom per cent excess D. 

y-Labeled Glutamic and Carbamylglutamic Acids—The preparation of 
glutamic acid was carried out essentially according to Ratner et al. (2). 
0.05 mole of t-glutamic acid was suspended in 52 ml. of 6 n DCI (45 atom 
per cent excess D). The mixture was kept in a sealed tube at 100° for 
5 days, at the end of which time it was crystallized and treated as described 
by Ratner to assure entire loss of non-incorporated isotope. Again as 
indicated by Ratner et al. (2), we found no racemization. Our value for 
deuterium, however, is higher than that obtained by Ratner et al. (2), 
since our preparation showed a concentration of 8.65 atom per cent excess 
D corresponding to about 90 per cent of total exchange for the y-hydrogens. 
The carbamy] glutamate prepared from this sample showed 7.74 atom per 
cent excess D, virtually the theoretical value. 


DISCUSSION 


In addition to the preparation of the desired labeled carbamylglutamic 
acids, the data presented in this paper confirm fully the experiments of 
Konikova et al. (1) regarding the total exchange of the a-hydrogen of 
glutamate during enzymatic transamination. It also shows clearly that 
the 6-hydrogens of a-ketoglutarate and glutamate are not involved in 
enzymatic transamination. However, it fails to provide additional infor- 
mation regarding the intimate mechanism of the reaction. It is worth 
while to remember that chemical reductive animation of a-ketoglutarate 
results in extensive exchange of both a- and 6-hydrogens with D2, but in 
very little exchange in the 8 position and none in the a position with D,O 
and ordinary hydrogen, as has been shown by Rittenberg et al. (19). 

Brandenberger and Cohen have shown that the Schiff base formed by 
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condensation of glutamic acid and pyridoxal is inactive in transamination, 
They found also that synthetic Schiff bases are not effective as inhibitory 
of transaminase (20). More recently Kégl and de Flines (21) have inde. 
pendently arrived at the conclusion that Schiff base compounds are inactiye 
in transamination. These workers used a-iminopropiony]-L-glutamic acid 
triply labeled (C“, N%, D). It is thus clear that other schemes must be 
invoked for explanation of the intimate mechanism of transamination. 

In regard to the exchange in strong acid between deuterium and the 
y-hydrogens of glutamate, it is apparent, whether or not the exchange 
proceeds via pyrrolidonecarboxylic acid formation, that both hydrogens jy 
the y position are reacting, since the data presented here show almost 
complete exchange for 2 hydrogens; under the conditions used, neither the 
a- nor the 6-hydrogen will exchange (2). 

The methods described for the preparation of large quantities of glutamic 
and a-ketoglutaric acids selectively labeled with deuterium will facilitate 
further studies regarding the mechanism of glutamate metabolism as well 
as the metabolism of a-ketoglutarate and other members of the tricarbox. 
ylic acid cycle that can be prepared from a-ketoglutarate. 

The preparation of the selectively labeled carbamylglutamic acids has 
facilitated our work on the structure of the intermediate formed in citrulline 
biosynthesis (Grisolia and Cohen (3)). These studies will be published 
in a separate paper.°® 


We wish to thank Dr. P. P. Cohen and Dr. A. L. Wilds for helpful dis- 
cussions, Dr. P. W. Wilson for a sample of D2 and for the use of his Ray- 
theon magnetostriction sonic oscillator, Mrs. H. Brandenberger for tech- 
nical assistance in the preparation of B-labeled a-ketoglutaric acid, Dr. 
Kearney and Dr. Singer for helpful discussion, for an initial sample of 
cysteinesulfinic acid, for a culture of the organism, and for advice in the 
preparation of large quantities of cell-free ultrasonic disintegrated P. vul- 
garis, Mrs. E. 8. Canellakis for a generous supply of lyophilized EL. coli 
preparation, and Dr. G. W. E. Plaut for suggesting the use of ethylene- 
diamine citrate buffer as an effective decarboxylating agent for oxalacetic 
acid near neutrality. 


SUMMARY 


Methods have been described for the preparation of considerable quan- 
tities of L-glutamic acid and carbamyl-t-glutamic acid labeled with deu- 
terium in each of the a, 8, y, and a,8 positions, and for the preparation of 
a-ketoglutaric acid labeled in the 8 position. 

The total exchange of the a-hydrogen of glutamate during enzymatic 


5 Grisolia, S., Burris, R. H., and Cohen, P. P., to be published. 
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transamination has been confirmed, and it has been shown that the 6-hy- 
drogen of glutamate and a-ketoglutarate is not concerned in the reaction. 


1. 
2. 
3. 
4. 
5. 
6. 
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ANTAGONISM BETWEEN PHENYLALANINE AND VARIOUS 
ISOMERS OF PHENYLSERINE IN TWO LACTOBACILLI* 


By SIDNEY W. FOX anp CAROL WARNER 


(From the Chemical Laboratory of Iowa State College, Ames, Iowa) 
(Received for publication, March 15, 1954) 


6-Phenylserine has been used as a phenylalanine antagonist in studies of 
growth (1-7). In the course of investigation of aromatic amino acid bio- 
synthesis in this laboratory (8), it became evident that phenylserine, as 
usually prepared by the Erlenmeyer methods (9, 10), was of uncertain 
identity and purity (11). Impetus was thus added to attempts to separate 
conveniently phenylserine (the threo form) and allophenylserine (12) (the 
erythro form) for antibacterial studies. It became of interest to study also 
two resolved forms which have become available more recently (13). 


Materials and Methods 


The phenyl-p.-serine and allophenyl-pL-serine were prepared by methods 
previously described (12). Phenyl-u-serine and phenyl-p-serine were gifts 
of Dr. William S. Fones of the Organic Chemistry Unit of the Laboratory 
of Biochemistry of the National Institutes of Health. .L-Phenylalanine 
was from a bottle of U.S. P. reference standard. 

The organisms tested were Lactobacillus arabinosus 17-5 and Lactobacillus 
brevis, with medium described in a recent paper (14). Concentrations of 
phenylalanine and of phenylserine were varied as shown in Table I. Be- 
cause of the limited amounts of phenyl-p- and L-serine available, the total 
amount of finally diluted culture medium was 1.00 ml. in each tube. After 
48 hours of incubation, the cultures were titrated with 0.05 nN sodium hy- 
droxide from a 5 ml. burette bearing a micro tip. Each figure in Table I 
is the average of duplicates. 


Results 


The effects of the isomers of phenylserine in the presence of various 
amounts of phenylalanine in the medium for L. arabinosus and L. brevis 
are presented in Table I. These results confirm, with quantitative figures, 
all of the trends observed in an earlier set of results which covers part of the 
same range and in another set covering the same range. For each of the 
two more complete experiments, the level of growth was different, but the 
inhibition ratios were closely similar. 


* Journal Paper No. J-2489 of the Iowa Agricultural Experiment Station, Ames, 
lowa. Project 863, supported by grant No. G-3025(C) from the National Institutes 
of Health, United States Public Health Service. 
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120 INHIBITION BY PHENYLSERINE ISOMERS 


With L. arabinosus, phenyl-pt-serine exhibits substantial inhibition at 
all ratios of phenyl-pL-serine to phenyl-t-alanine, whereas allophenyl-p. 
serine exhibits virtually no inhibition. At a ratio of 100:1, the phenyl.- 
serine and phenyl-p-serine effect high degrees of inhibition. At a ratio of 
100: 1, 20:1, or 4:1 the p isomer is the considerably stronger antagonist of 
the two. 

With L. brevis, phenyl-pt-serine and allophenyl-pt-serine each causes 
strong inhibition at a 2000:1 ratio to phenyl-t-alanine. At 200:1 the 
phenyl-pt-serine is somewhat inhibitory, whereas the allophenyl-p1-serine 


TaBLeE [ 
Titration Values of Cultures of L. arabinosus 17-5 and L. brevis in Presence of 
Various Ratios of Phenylalanine and Phenylserine Isomers 


All values are in ml. of 0.05 n sodium hydroxide solution. 














L-Phenylalanine, y per tube 
Phenylserine isomer 





0.0 | 0.2 2.0 10 50 


L. arabinosus 














400 y phenyl-pt-serine . 0.285 0.361 0.622 0.774 
400 ‘‘ allophenyl-p-serine 0.375 0.748 0.875 0.968 
200 ‘‘ phenyl-L-serine ... 0.310 0.389 0.735 0.918 
200 ‘‘ phenyl-p-serine... 0.340 0.530 | 0.604 0.710 
None..... 0.335 0.396 0.745 0.855 0.988 
L. brevis 

400 y phenyl-pu-serine ........... | 0.325 | 0.595 | 0.876 | 1.14 
400 ‘‘ allophenyl-p.-serine 0.355 0.471 | 0.692 1.149 
200 ‘‘ phenyl-t-serine.... re 0.353 | 0.688 | 0.885 | 1.137 
200 ‘‘ phenyl-p-serine.............| 0.469 | 0.752 0.853 1.131 
en eae 0.335 | 0.478 | 0.784 | 0.826 | 


1.126 





is strongly so. At lower ratios the phenyl-p.-serine is slightly stimulatory. 
Inhibitory effects of the phenyl-p.-serine at the various ratios are similar 
to those of the L isomer alone. 

These results indicate that phenylserine and allophenylserine may func- 
tion differently as phenylalanine antagonists. Furthermore, the pattern 
of response to each varies with the organism. In antimetabolite studies 
which employ phenylserine, the mode of preparation and identity and 
purity of product are thus of significance. The results also demonstrate 
an antipodal dependence in the inhibition by phenylserine. Here too, the 
D form is more inhibitory for one organism, whereas the x isomer is the 
stronger inhibitor for another. 


Comparison with inhibition of rat growth by phenylserine and by allo- 
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phenylserine (15) indicates a greater similarity to the pattern with L. arab- 
inosus than to the results with L. brevis. 


SUMMARY 


Antagonism between phenylserine and phenylalanine is shown to vary 
with the phenylserine isomer, normal (threo) or allo (erythro), u-threo or 
p-threo, and with the microorganism studied. 
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STUDIES IN STEROID METABOLISM 


XXIV. IDENTIFICATION AND CHARACTERIZATION OF 38-HYDROXY- 
A%*)-ANDROSTENE-17-ONE AND 38,118-DIHYDROXYANDROSTANE- 
17-ONE FROM HUMAN URINE* 


By A. D. KEMP, ATTALLAH KAPPAS,}{ IVAN I. SALAMON, F. HERLING, 
anp T. F, GALLAGHER 


(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 


(Received for publication, March 1, 1954) 


This report deals with the isolation of two steroids from urine and their 
identification and characterization by partial synthesis. The compounds 
are 38, 116-dihydroxyandrostane-17-one and 38-hydroxy-A*”-androstene- 
17-one, the latter, in all likelihood, a transformation product obtained from 
the former by dehydration during acid hydrolysis. Both compounds were 
isolated from the ‘‘8-ketosteroid” fraction of the urine of a patient treated 
with large oral doses of hydrocortisone for therapeutic purposes. However, 
evidence from infra-red spectrometry and paper chromatography can be 
interpreted as indicative of the presence of 38,118-dihydroxyandrostane- 
17-one in the urine of normal healthy subjects, although the amount pres- 
ent is extremely small. 

36-Hydroxy-A’"”-androstene-17-one was the first substance isolated. 
As was the case with the 3a isomers in both the androstane and etiocholane 
series (1), the substance was recognized from infra-red spectrum correla- 
tions with structure. The ‘‘8-ketosteroid”’ fraction, separated by chroma- 
tography on silica gel, yielded a substance in the fractions in which isoan- 
drosterone was ordinarily eluted from the chromatogram. The infra-red 
spectrum of the product in carbon disulfide solution showed the following 
bands: OH stretching bands in the region 3640 cm.!, C=C stretching 
bands at 3040 cm! (hexacyclic double bond), and a carbonyl stretching 
band at 1742 cm! suggestive of a 17-ketone. The principal band in the 
region from 1200 to 850 cm.—! was at 1037 cm", which was consistent with 
the possibility of a 38-hydroxyl group in a steroid of the allo series. The 
position of this band was evidence against a A®-38-hydroxy steroid, since 


* The authors gratefully acknowledge the assistance of grants from the American 
Cancer Society (on recommendation of the Committee on Growth of the National 
Research Council), the Anna Fuller Fund, the Lillia Babbitt Hyde Foundation, the 
National Cancer Institute of the National Institutes of Health of the United States 
Public Health Service (grants C-322 and C-440), and the Damon Runyon Memorial 
Fund for Cancer Research. 

t Research Fellow of the American Cancer Society upon recommendation of the 
Committee on Growth of the National Research Council. 
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compounds with this structure have their principal absorption band 4 
1050 cm! (2). Confirmatory evidence for the absence of a A®-36-hydroxy| 
group was obtained from the infra-red spectrum in chloroform solution, since 
there was no band in the region 1672 to 1667 ecm=-. Acetylation of a smal 
sample of the product at room temperature with pyridine and acetic anhy. 
dride followed by determination of the infra-red spectrum showed the 
following: a band at 3040 cm-—", characteristic of the C=C stretching yi. 
bration, a broad band at 1742 to 1736 cm", interpreted as the carbonyl. 
stretching vibration of a 17-ketone and an acetoxy group combined, and 
the absence of an OH stretching band. A single strong C—O stretching 
band at 1238 cm", rather than a multiple band, was indicative of a trans 
relationship of the acetoxy group, presumed to be at C-3, to the hydrogen 
atom at C-5 (3). From these facts, and with consideration of the large 
amount of hydrocortisone administered, the position in the chromatogram, 
and the probability that it was a “‘6-ketosteroid,” it was considered very 
likely that the compound was 36-hydroxy-A*"”-androstene-17-one. 

The steroid was isolated in crystalline form, and the melting point agreed 
well with that of 38-hydroxy-A*’”-androstene-17-one, reported by Shop- 
pee (4). Since the amount of material was small, an authentic sample was 
prepared from 38-acetoxy-118-hydroxyandrostane-17-one by the method 
of Reich and Lardon (5). Comparison by mixture melting point and infra 
red spectrum indicated the identity of the products. 38,118-Dihydroyy- 
androstane-17-one (6) was prepared from 38,17a,21-trihydroxyallopreg. 
nane-11,20-dione by reduction with lithium aluminum hydride, followed 
by oxidative cleavage of the side chain with periodic acid.’ 

With the identification of 38-hydroxy-A*’”-androstene-17-one, it was 
expected that the precursor metabolite was almost certainly 36,116- 
dihydroxyandrostane-17-one, especially as this compound has previously 
been isolated from extracts of beef adrenal glands (7). The precursor 
should, therefore, have been present in this same urine. Resort was made 
to paper chromatography for the separation of the suspected metabolite. 
This procedure afforded qualitative evidence for the existence of 38,116- 
dihydroxyandrostane-17-one, and the compound was eventually isolated. 
It was identified by the conventional method of mixture melting point de- 
termination as well as by the more precise method of comparison of the 
infra-red spectrum with the authentic product prepared by partial synthe. 
sis. 

An interesting and frequently overlooked fact has been confirmed in the 
course of these investigations. Steiger and Reichstein (8) noted that 
38,118-dihydroxyandrostane-17-one was largely converted to the diacetate 

! The total synthesis of 38, 118-dihydroxyandrostane-17-one has very recently been 
reported by Johnson, Pappo, and Kemp (16). 
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by heating with acetic anhydride in pyridine. In the present investigation, 
it was found that acetylation of the 118-hydroxyl group with these reagents 
occurred even at room temperature and was in fact the predominant re- 
action when heating for 24 hours was employed. Acetylation of the 11(- 
hydroxyl group under more vigorous conditions has since been described 
(9), but, to our knowledge, this is the first reported instance of the reaction 
under what are usually considered to be mild conditions. 


EXPERIMENTAL 


The patient received 800 mg. of hydrocortisone orally per day. An 80 
per cent portion of a 3 day urine collection was incubated with 8-glucuron- 
idase and a neutral ether-soluble extract was separated by methods that 
have been described in detail (10). The acidic fraction and the extracted 
urine were combined, acidified with sulfuric acid to 5 per cent, volume for 
volume, and heated under reflux for 30 minutes. The ether-soluble extracts 
from the acid-hydrolyzed fraction and from the enzyme-hydrolyzed fraction 
were processed separately. After the usual separation into ketonic and 
non-ketonic fractions by means of Girard’s Reagent T, the ‘‘8-ketoster- 
gids” were obtained by the usual procedure (11). The “8-ketosteroids” 
of the acid-hydrolyzed fraction contained 16.0 mg. of KS.2. This material 
was chromatographed on silica gel. 

38-Hydroxy-A°’"” -androstene-17-one—The eluates obtained with 11 per 
cent ethyl acetate in petroleum ether yielded 10.3 mg. of white crystalline 
solid (10.1 mg. of KS). The product was further purified by partition 
chromatography on silica gel with formamide as the stationary phase and 
benzene containing 25 per cent cyclohexane as the moving phase (13). A 
total of 7.2 mg. of crystalline material was obtained. After recrystalliza- 
tion from petroleum ether, rosettes of prisms, m.p. 171—172°, were obtained. 
The product did not depress the melting point of an authentic sample of 
38-hydroxy-A*”-androstene-17-one, and the infra-red spectra of the two 
samples were identical. 

$8,118-Dihydroxyandrostane-17-one—From the chromatogram described 
above, all the fractions eluted with 20 per cent ethyl acetate in petroleum 
ether and more polar mixtures were combined. The material (11 mg.) con- 
tained 2.7 mg. of KS. Chromatography on Whatman No. 1 filter paper, 
with formamide-methanol (1:1) as the stationary phase and benzene-cyclo- 
hexane (1:1) as the mobile phase, was carried out for 8 hours. Staining a 
narrow strip of the paper with alkaline m-dinitrobenzene revealed a com- 
ponent moving in the region characteristic of an authentic sample of 38,- 
118-dihydroxyandrostane-17-one. The principal portion of this product 


*KS = ketosteroids as determined by the modified Zimmermann reaction (12) in 
terms of dehydroisoandrosterone as the standard. 


4 hs 
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was extracted from the paper with methanol and found to contain 1.06 mg 
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of KS. The material was acetylated with acetic anhydride and pyridine of the 


for 16 hours at room temperature, and the crude crystalline acetate exhib. 
ited an infra-red spectrum essentially identical with that of an authentic 


sample of 36-acetoxy-118-hydroxyandrostane-17-one. The acetate was produ 


hydrolyzed with 2 per cent methanolic potassium hydroxide for 2 hours a 


room temperature. The methanol was removed in a stream of nitrogen, 
water and ethyl acetate were added, and the organic extract was washed respec 
with water until neutral. The solution was dried over sodium sulfate and 36-. 
the solvent was removed. The residue was crystallized from an ether-ace. andro 
tone mixture and yielded 38,118-dihydroxyandrostane-17-one as fine nee. i ml. 
dles, m.p. 231-233°. Admixture with an authentic sample showed no de. of mo 


pression of the melting point, and the infra-red spectrum was identical in produ 


all respects with that of the known compound prepared by independent 


and ‘ 
means. alah 
The authentic sample of 38,118-dihydroxyandrostane-17-one was pre. porte 


pared by reduction of 9.09 gm. of 17a-hydroxy-21-acetoxyallopregnane-3- 36- 


11,20-trione with an excess of lithium aluminum hydride. The product 


A 
was crystallized from ethanol and yielded 5.20 gm. (63 per cent) of allo manr 
pregnane-38,118,17a,208,21-pentol, m.p. 201-208°, transition between 145° ethyl 


and 152° (reported (14) m.p. 221-222°, transition at 160°). 5.14 gm. of 172.5 


allopregnane-38,118,17a,208,21-pentol consumed 1.94 equivalents of peri- 
odic acid in the course of 16 hours, and crystallization from acetone afforded 
3.86 gm. (90 per cent) of 38,118-dihydroxyandrostane-17-one, m.p. 230- 
234°; after recrystallization, m.p. 234—236° (reported (6) 234—235°). 


3B-Acetoxy-118-hydroxyandrostane-17-one—A solution of 103 mg. of 38; 38 
118-dihydroxyandrostane-17-one (m.p. 230-234°) in 1.5 ml. of pyridine and 17-01 
1.5 ml. of acetic anhydride was stored at room temperature for 3 hours. | “!¥! 


2 ml. of absolute ethanol were added, and after 30 minutes the solvents 


were removed in a stream of nitrogen at 80°. The residue was dissolved Or 
in ether and the solution was washed with dilute hydrochloric acid and with | °P® 
water. The ether was removed and the residue was crystallized from ethy! May 
acetate-petroleum ether to yield 65 mg. of needles, m.p. 228-—230° (reported med 
(15) 229-230°). From the mother liquors a further crop of 37 mg., mp. | 
226-229°, was obtained. T 

38,118-Diacetoxyandrostane-17-one—In another instance in which the vote 
preparation of 38-acetoxy-118-hydroxyandrostane-17-one was attempted | “bl 
with acetic anhydride and pyridine at room temperature for 96 hours, the out 
product obtained was not a single substance. Chromatography on alu- The 


mina afforded 150 mg. of 36-acetoxy-116-hydroxyandrostane-17-one, mp. 
226-229°, and a smaller fraction (24 mg.) which after two recrystallizations 
from petroleum ether and one crystallization from aqueous methanol melted 


at 158-159°. 





The infra-red spectrum showed the absence of a hydroxyl 2. 
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group, and the melting point was not depressed on admixture with a sample 
of the diacetate of the same compound prepared by Steiger and Reichstein 
(8). Their procedure was repeated with 20 mg. of 38,116-dihydroxyandro- 
stane-17-one in acetic anhydride and pyridine at 100° for 24 hours. The 
product was chromatographed on alumina and 15 mg. of the diacetate, 
mp. 158-159°, were obtained. The melting point was unchanged after two 
recrystallizations from aqueous methanol. The product was identical in all 
respects with the diacetate obtained from acetylation at room temperature. 

38-Acetory-A°"” -androstene-17-one—46 mg. of 38-acetoxy-118-hydroxy- 
androstane-17-one (m.p. 224-230°) were heated at 65-70° for 1 hour with 
1 ml. of pyridine and 0.2 ml. of phosphorus oxychloride containing a trace 
of moisture; the reaction mixture was then stored at 37° for 14 hours. The 
product, obtained in the usual manner, was chromatographed on alumina, 
and 26 mg. of 38-acetoxy-A°’”-androstene-17-one were obtained. The 
substance crystallized from petroleum ether as prisms, m.p. 100—102° (re- 
ported (5) 99-100°). 


38-Hydroxy-A’°” -androstene-17-one—Alkaline hydrolysis of 36-acetoxy- 
4” _androstene-17-one, followed by isolation of the product in the usual 


9(11 - > 
manner, afforded 38-hydroxy-A “) androstene-17-one as fine needles from 


ethyl acetate, m.p. 171-172°, [a]?° + 126° (ethanol); reported (4) m.p. 170- 
172.5°, [al +125.5° (ethanol). 


CisH2s02. Calculated, C 79.12, H 9.78; found, C 78.98, H 9.54 


SUMMARY 


38-Hydroxy-A°"”-androstene-17-one and 36,118-dihydroxyandrostane- 
17-one have been isolated and characterized from the urine of a patient re- 
ceiving hydrocortisone. 


Our best thanks are due to Dr. Olaf Pearson of this Institute for his co- 
operation, which made these studies possible. We are indebted to Dr. 
Max Tishler and Dr. Karl Pfister for generous supplies of steroid inter- 
mediates and to Professor T. Reichstein for a sample of 38,118-diacet- 
oxyandrostane-17-one. 

The authors wish to express their appreciation to the large group of de- 
voted research assistants and technicians who made much of the work pos- 
sible. The routine chemical and chromatographic separations were carried 
out under the supervision of Madeleine B. Stokem and Ruth Jandorek. 
The colorimetric analyses were under the supervision of Denise O’Hara. 
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STUDIES IN STEROID METABOLISM 


XXV. ISOLATION AND CHARACTERIZATION OF NEW URINARY 
STEROIDS* 


By DAVID K. FUKUSHIMA, A. D. KEMP, R. SCHNEIDER,t MADELEINE B. 
STOKEM, anv T. F. GALLAGHER 


(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 
(Received for publication, March 1, 1954) 


Two steroids hitherto undescribed, 3a,17a-dihydroxyallopregnane-20- 
one (I) and pregnane-3a, 118 ,20a-triol (II), have been isolated from urine, 
characterized, and identified by partial synthesis. In addition to these, 
the known compounds, 3a, 118-dihydroxypregnane-20-one (III) (1), 3a- 
hydroxy-A!®-pregnene-20-one (IV) (2), and 38-hydroxy-A®-androstene-7 , 17- 
dione (V) (3), have been identified for the first time as constituents of the 
ketosteroid fraction of urine. I was identified in the “a-ketosteroid” frac- 
tion from the urine of patients with adrenal hyperplasia. The amount pres- 
ent was usually smaller than the epimeric steroid, 3a, 17a-dihydroxypreg- 
nane-20-one, although both metabolites may be excreted in relatively large 
amounts by patients with this adrenal disorder. The triol II and the 
closely related ketone, 3a,118-dihydroxypregnane-20-one (III), were ob- 
tained from the urine of patients treated with large amounts of corticoster- 
one as a therapeutic measure. The fourth urinary steroid, 3a-hydroxy- 
A'*-pregnene-20-one (IV), was detected in the urine of a patient with the 
classic symptoms of Cushing’s syndrome. The compound was unquestion- 
ably identified from its infra-red spectrum; the amount present was so small 
that isolation in crystalline form and identification by mixture melting 
point and comparison of physical constants were precluded. 36-Hydroxy- 
A4®-androstene-7 ,17-dione (V) has been found in many urines from both 
normal and abnormal subjects; it is excreted in larger amount in adrenal 
abnormalities, especially those characterized by increased excretion of de- 
hydroisoandrosterone. This compound was previously reported as an un- 
known 6-ketosteroid, Compound B6, by Lieberman, Dobriner, Hill, Fieser, 
and Rhoads (4). 


* The authors gratefully acknowledge the assistance of grants from the American 
Cancer Society (on recommendation of the Committee on Growth of the National 
Research Council), the Anna Fuller Fund, the Lillia Babbitt Hyde Foundation, the 
National Cancer Institute of the National Institutes of Health of the United States 
Public Health Service (grants C-322 and C-440), and the Damon Runyon Memorial 
Fund for Cancer Research. 

iPresent address, 1618 East Eighty-fourth Place, Chicago 17, Illinois. 
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The partial synthesis of 3a,17a-dihydroxyallopregnane-20-one (I) was 
achieved by the application of the method of Kritchevsky and Gallagher 
(5) to 3a-hydroxyallopregnane-20-one (VIIa). VIIb was prepared from 
38-hydroxyallopregnane-20-one (VIa) by formation of the 3-tosylate (VIb), 
followed by replacement of the tosyloxy group with acetate by heating with 
potassium acetate in acetic acid. The resultant 3a-acetoxyallopregnane. 
20-one (VIIb) was isolated as the free hydroxy ketone (VIIa) and con. 
verted to the 17,20-enoldiacetate upon treatment with acetic anhydride 





Gs CH, 
HO” ~? HO 
I 2 
eee 
Z 
GH, oH, 
G=0 C= 
a cons 
HO” HO” 
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i’. CHS 1 AcoO+H* *, 
C=0 C=0 C=0 
2. $CO3H “Ou 
as VIb+KOAc as? 3.0H os 
RO ~! ia HO ~! 
WoR-H Wo R=H I 
bR=p-C_H,SO, b R=CH,CO 


in the presence of a catalytic amount of p-toluenesulfonic acid. Oxida- 
tion of the enolacetate with perbenzoic acid followed by alkaline hydroly- 
sis yielded 3a, 17a-dihydroxyallopregnane-20-one (1). 
Pregnane-3a,118,20a-triol (II) was prepared from 3a-acetoxypregnane- 
11,20-dione (VIII). Catalytic reduction of VIII yielded a mixture of the 
20a (IX) and 208 (X) epimers of 3a-acetoxy-20-hydroxypregnane-11-one. 
The mixture was acetylated and the epimers were separated (6). 3a,20a- 
Diacetoxypregnane-1l-one (IX) was readily converted to pregnane-3a,- 
118 ,20e-triol (IIa) by reduction with lithium aluminum hydride. The 
free triol was converted to the 3 ,20-diacetate IIb, which was easily purified 
and exhibited excellent physical constants. Lithium aluminum hydride 
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reduction of pregnane-3a,208-diacetoxypregnane-11l-one (X) yielded preg- 
nane-3e , 118,208-triol (XIa), characterized as both the free compound and 
the 3,20-diacetate XIb. This substance has not as yet been encountered 
in extracts of urine, but its presence may possibly be disclosed by further 
investigation. 


CH, CH; hs 
=O H-C-OAc AcO-C-H 
ry 0 f) 
Pt,H 
—_. coe + ao 
Aco Py,,AcsO AcO AcO 
ym Ix x 
= " - a 
- maka 
H-G-OR - 
RO RO 
IL a R=H XI a R=H 
bR=CH,CO b R=CH,CO 
EXPERIMENTAL 


All melting points are corrected. The optical rotations were taken in 
chloroform unless otherwise specified. 

8a, 17a-Dihydroxyallopregnane-20-one (I); Isolation—This compound was 
isolated from the urine of two patients with adrenal hyperplasia. Partition 
chromatography of the “‘a-ketonic” fraction on silica gel with ethanol- 
methylene chloride (7) gave 8.0 mg. of crystalline material. The infra-red 
spectrum was almost identical with that of an authentic sample of 3a,17a- 
dihydroxyallopregnane-20-one. Paper partition chromatography for 24 
hours of a small portion with the system 1:1 propylene glycol-methanol 
and 1:1 cyclohexane-toluene showed that the above 3a,17a-dihydroxyal- 
lopregnane-20-one contained a faint trace (less than 1 per cent) of 3a,17a- 
dihydroxypregnane-20-one. The product was digested with cyclohexane 
and twice recrystallized from benzene to yield 2 mg. of 3a,17a-dihy- 
droxyallopregnane-20-one (I), m.p. 215-216.5°; there was no depression 
of the melting point on admixture with the synthetic sample, and there 
was a depression on admixture with 3a,17a-dihydroxypregnane-20-one. 
The infra-red spectrum was identical with that of the synthetic product. 

Synthesis of 3a-Hydroxyallopregnane-20-one (VIIa)—A cold solution of 
10 gm. of p-toluenesulfonyl chloride in 15 ml. of pyridine was added to a 
cold solution of 3.0 gm. of 38-hydroxyallopregnane-20-one (VIa) in 30 ml. 
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of pyridine, and the mixture was allowed to stand for 3 days at room tem. 
perature. The solution was poured into ice and water and the resulting 
precipitate collected by filtration. The semicrystalline material was digs. 
solved in ethyl acetate and washed with dilute acid, dilute base, and water 
After drying the organic solution, the solvent was evaporated to give 3.5 
gm. of yellowish oil. Recrystallization from ether gave 3.10 gm. of white 
crystalline product. Further recrystallization from acetone-petroleum 
ether afforded 2.26 gm. of 38-p-toluenesulfonoxyallopregnane-20-one (VIb), 
m.p. 133-135°. The analytical sample after recrystallization from cyclo. 
hexane melted at 133.5-135°, [a]” +-58.3°. 


CosHyo0,8. Calculated, C 71.18, H 8.47; found, C 71.50, H 8.25 


A solution of 2.1 gm. of 38-p-toluenesulfonoxyallopregnane-20-one and 
2 gm. of freshly fused potassium acetate in 50 ml. of glacial acetic acid was 
refluxed for 3 hours. The reaction mixture was diluted with 10 per cent 
sodium chloride solution and extracted with ether. The ether solution was 
washed repeatedly with dilute sodium hydroxide solution and water and 
dried over sodium sulfate. Evaporation of the solvent gave 1.46 gm. of 
oil that crystallized on standing. The acetolysis product was hydrolyzed 
at room temperature for 30 minutes with 32 ml. of ethanol and 3 ml. of 20 
per cent sodium hydroxide solution. The product (1.37 gm.) was chromat- 
ographed on silica gel to yield 525 mg. of A?-allopregnene-20-one, which on 
recrystallization from methanol melted at 126—129°; 330 mg. of a mixture 
of A*-allopregnene-20-one and 3a-acetoxyallopregnane-20-one; 505 mg. of 
3a-hydroxyallopregnane-20-one (VIIa), which on recrystallization from 
acetone-petroleum ether melted at 174-175°; reported, 176° (8) and 176- 
178° (9). A*-Allopregnene-20-one has been previously isolated from urine 
extracts by Lieberman et al. (4). 

8a ,17a-Dihydroxyallopregnane-20-one (I) and 3-Monoacetate—A"-Allo- 
pregnene-3a ,20-diol diacetate was prepared by slow distillation of a solu- 
tion of 200 mg. of 3a-hydroxyallopregnane-20-one (VIIa) and 100 mg. of 
p-toluenesulfonic acid in 30 ml. of acetic anhydride (5). The reaction mix- 
ture was taken up in ether and washed with cold sodium carbonate solu- 
tion and water. The ether solution was dried and the solvent evaporated. 
The residue was dissolved in a liter of petroleum ether and poured through 
a short alumina column. Upon removal of the solvent under diminished 
pressure, 224 mg. of crystalline A’-allopregnene-3a,20-diol diacetate were 
obtained. Without further purification, the enol acetate was treated over- 
night at room temperature with 5 ml. of 0.49 m perbenzoic acid in benzene. 
Ethyl acetate was added to the reaction mixture, and the solution was 
washed with sodium carbonate solution and with water. After removal of 
the solvent, the crude 17a ,20-epoxyallopregnane-3a ,20-diol diacetate was 
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saponified with 1 N aqueous ethanolic sodium hydroxide solution at room 
temperature for 3.5 hours. Purification by chromatography on silica gel 
and recrystallization from acetone and benzene afforded 3a, 17a-dihy- 
droxyallopregnane-20-one (I), m.p. 214-216.5°, [a 27 4.45.2° (ethanol). 


CoH 3,03. Caleulated, C 75.40, H 10.24; found, C 75.33, H 10.46 


Acetylation with acetic anhydride and pyridine at room temperature for 
45 hours yielded 3a-acetoxy-17a-hydroxyallopregnane-20-one, m.p. 216.5- 
220°, fal +1.7°. 

Co3H3,0;. Calculated, C 73.40, H 9.57; found, C 73.25, H 9.52 


Preqnane-3a,118,20a-triol (IIa) and 3,20-Diacetate (IIb); Isolation— 
The compound (Ila) was isolated from the urine of a patient with lym- 
phatic leacemia who had received 800 mg. of corticosterone orally each 
day. Partition chromatography of the non-ketonic fraction on silica gel 
with ethanol-methylene chloride (7) yielded crystalline fractions whose 
infra-red spectrum was that of pregnane-3a,118,20a-triol. Acetylation of 
the products yielded 140 mg. which was recrystallized from petroleum 
ether, from benzene, and from acetone-petroleum ether to give 23 mg. of 
pregnane-3e , 118,20a-triol 3 ,20-diacetate (IIb), m.p. 191—-192°; there was no 
depression of the melting point on admixture with the synthetic sample; 
the infra-red spectrum was identical with that of the synthetic sample. 

Synthesis—A solution of 237 mg. of 3a,20a-diacetoxypregnane-11-one 
(IX) (6) in 20 ml. of anhydrous benzene and 30 ml. of anhydrous ether was 
added dropwise with stirring to a solution of 300 mg. of lithium aluminum 
hydride in 75 ml. of anhydrous ether. After the reaction was complete, 
the mixture was heated under reflux for 1.5 hours. The excess lithium 
aluminum hydride was destroyed with ethyl acetate and dilute acid. 
The organic layer was separated and washed with sodium carbonate and 
water. The solvent was removed and 198 mg. of product were obtained. 
Recrystallization from ethyl acetate and from acetone gave a triol (Ila), 
m.p. 204-205°, fa]?* +40.6°. Acetylation with acetic anhydride and 
pyridine at room temperature resulted in 132 mg. of product. Re- 
crystallization from petroleum-ether gave pregnane-3a, 118 ,20a-triol 3 ,20- 
diacetate (IIb), m.p. 192-192.5°, [a]® +56.3°. 


CosHyoO;. Calculated, C 71.39, H 9.59; found, C 71.20, H 9.62 


Pregnane-3a ,118 ,208-triol (XIa) and 3 ,20-Diacetate (XIb)—A solution 
of 3.7 gm. of 3a,206-diacetoxypregnane-ll-one (X) (6) in 175 ml. of a 
benzene-ether mixture was added dropwise with stirring to a suspension of 
3gm. of lithium aluminum hydride in 25 ml. of anhydrous ether. The mix- 
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ture was heated under reflux for 2 hours, and the excess reagent was de. 
stroyed with ethyl acetate and dilute acid. The organic layer was washed 
with base and water. The solvent was removed and 3.07 gm. of triol wer 
obtained. Repeated digestion with acetone gave 2.69 gm. of pregnane-3a,. 
118,208-triol (XIa); m.p. 232-234°. The analytical sample melted aj 
233.5-234°. 


Co1H360s. Calculated, C 74 95, H 10.78; found, C 75.07, H 10.73 


Acetylation of the triol with pyridine and acetic anhydride at room tem. 
perature gave pregnane-3a, 118 ,208-triol 3 ,20-diacetate (XIb); m.p. 121.5- 
123.5°, [a] +70.7°. 


CssHaoOs. Calculated, C 71.39, H 9.59; found, C 71.30, H 9.49 


3a ,118-Dihydroxypregnane-20-one (III); Isolation—This compound was 
isolated from the urine of two patients with lymphatic leucemia who re. 
ceived 600 to 800 mg. of corticosterone orally each day. Chromatography 
of the “a-ketonic”’ fraction on silica gel with ethyl acetate-petroleum ether 
as eluent gave 44 mg. of oily material, the infra-red spectrum of which in- 
dicated the presence of 3a,118-dihydroxypregnane-20-one. Further pur 
ification of this material by partition chromatography on silica gel with 
ethanol and methylene chloride gave 8 mg. of a colorless oil. After three 
crystallizations from ethyl acetate 2 mg. of 3a,118-dihydroxypregnane-20- 
one as prisms, m.p. 212—217°, were obtained; the admixture with authentic 
material (10), m.p. 220-222°, melted at 216-220°; the infra-red spectrum 
was indistinguishable from that of an authentic sample. 

3a-Hydroxy-A'*-pregnene-20-one (IV)—The compound was found in the 
urine of a patient with Cushing’s syndrome. In the partition system with 
ethanol on silica gel, and methylene chloride-2 per cent ethanol as the el 
uent, the compound was detected immediately before 116-hydroxy-A‘- 
androstene-3,17-dione (11). Infra-red spectrometry of the free steroid 
revealed the presence of a hydroxyl] group and a double bond and a band at 
1670 cm! characteristic of the A'*-20-ketone system; the acetylated 
product exhibited acetate absorption at 1739 and 1236 em-', the charac- 
teristic band at 1670 em-—', and no evidence of a free hydroxyl function, 
The spectra of the free steroid and the acetate were in all essential details 
identical with the authentic samples obtained from Dr. Marker (2). 

38-Hydroxy-A*-androstene-? , 17-dione (V); Isolation—This compound was 
isolated from the urine of several patients with adrenocortical disorders, in- 
cluding both tumors and hyperplasia. Chromatography of the ‘“8-ketonic” 
fraction on magnesium silicate-Celite gave eluates whose infra-red spectra 
indicated the presence of 38-hydroxy-A*-androstene-7 ,17-dione. Recrys- 
tallization from benzene-petroleum ether and from ethyl acetate yielded 
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needles, m.p. 245-248°, [a]?* —66.4° (methanol). The mother liquors were 
combined and rechromatographed on silica gel. The fractions containing 
V, as indicated by infra-red spectrum, were combined and acetylated with 
acetic anhydride and pyridine at room temperature. Recrystallization 
from methanol gave needles of 36-acetoxy-A5-androstene-7 ,17-dione, m.p. 
184.5-187.5°, [a]? —72.0° (ethanol), €35 = 13,800 (ethanol); reported, 
m.p. 184°, [a}?* —74° (alcohol) (3); log €2350 = 4.09 (12); the infra-red spec- 
trum was identical with that of an authentic sample. 


DISCUSSION 


Two of the metabolites of corticosterone reported in this study have un- 
dergone further reduction in the side chain, with the loss of the character- 
istic ketol in addition to the usual saturation of the a,8-unsaturated ketone 
system in ring A. The reductive removal of the C-21 hydroxyl group 
from steroids containing the dihydroxyacetone side chain has been reported 
earlier from these laboratories (13). The total process is analogous to the 
previously observed conversion of desoxycorticosterone to pregnane-3a,, - 
%e-diol (14) and of dehydrocorticosterone to 11-ketopregnane-3a ,20a-diol 
(15). However, it is important to note that, in the transformation of 
corticosterone to the triol II and to the dihydroxy ketone III, the hydroxy] 
function at C-11 has been unaltered in the process. The retention of the 
ll-oxygen function, despite extensive transformation elsewhere in the mol- 
ecule, has been frequently noted, and the results of this study confirm the 
generalization of this reaction. 

With the synthesis of 3a,17a-dihydroxyallopregnane-20-one, all four 
isomers of this compound, epimeric at C-3 and C-5, have now been de- 
scribed. Only two of these have been discovered in human urine, and both 
were found in the relatively well explored a-ketosteroid fraction. The re- 
maining two isomers, 38,17a-dihydroxyallopregnane-20-one (Reichstein’s 
Substance L) and 38,17a-dihydroxypregnane-20-one, should on the basis 
of biochemical analogy be expected in the §-ketosteroid fraction. Efforts 
toward the isolation and identification of these compounds have been in- 
itiated. 

The identification of 3a-hydroxy-A!*-pregnene-20-one in human urine pre- 
sents a new problem as to whether the substance was excreted as such or 
was derived, as an artifact of hydrolysis or separation, from a precursor 
such as 3a, 16?-dihydroxypregnane-20-one. For the time being this must 
remain an open question, since the ready interconvertibility of these com- 
pounds has been well established (16). It is noteworthy that the epimeric 
substance 38-hydroxy-A'*-allopregnene-20-one has been isolated from the 
urine of pregnant mares by Klyne, Schachter, and Marrian (17) by pro- 
cedures which would not preclude the initial presence of a 16-hydroxyl 
group. 
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A similar though less strong reservation must be made about the sig. 
nificance of the fifth compound 38-hydroxy-A®-androstene-7 , 17-dione 
From the work of Bergstrém and Wintersteiner (18), it has been well estab. 
lished that A®-steroids are capable of facile autoxidation at C-7, with the 
formation of a,8-unsaturated ketones of the type present in this metabo. 
lite. It is therefore possible that this substance may have arisen from the 
oxidation of the commonly present dehydroisoandrosterone, but, in the 
absence of proof, it seems more reasonable to accept the positive attitude 
that the compound is in fact a metabolite. It is felt that the increased 
amount of this substance in adrenal disorders is suggestive evidence for this 
interpretation. 


SUMMARY 


Five new steroid hormone metabolites have been isolated from urine, 
Two of these were the hitherto undescribed 3a, 17a-dihydroxyallopregnane. 
20-one and pregnane-3a,118,20a-triol. The structures were established 
by partial synthesis of the compounds. The other three metabolites were 
3a, 118-dihydroxypregnane-20-one, 3a-hydroxy-A'*-pregnene-20-one, and 
38-hydroxy-A*-androstene-7 ,17-dione. The preparation of A?-allopreg. 
nene-20-one and pregnane-3a, 118 ,206-triol has been described. 


We wish to express our gratitude to Evelyn Meyer and Bernard Wargotz 
for technical assistance and to Merck and Company, Rahway, New Jersey, 
and to Syntex §. A., Mexico City, Mexico D. F., for generous amounts of 
steroids. The authors also wish to express their appreciation to the large 
group of devoted research assistants and technicians who made much of the 
work possible. The routine chemical and chromatographic separations 
were carried out by a group under the supervision of Ruth Jandorek. The 
colorimetric analyses were under the supervision of Denise O’Hara. The 
infra-red spectrometry was under the supervision of Friederike Herling. 
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53HYDROXYTRYPTOPHAN DECARBOXYLASE: PREPARATION 
AND PROPERTIES* 


By CARROLL T. CLARK, HERBERT WEISSBACH, ann SIDNEY 
UDENFRIEND 


(From the Laboratory of Chemical Pharmacology, National Heart Institute, National 
Institutes of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, March 15, 1954) 


Although 5-hydroxytryptamine was only recently discovered (1), the 
evidence already at hand indicates that it is present in practically all animal 
species (2-4) and that it possesses unusual pharmacological properties 
(5,6). It may well rank with epinephrine, norepinephrine, and histamine 
' asone of the important regulatory amines of the body. Studies carried on 
in this laboratory on the biosynthesis of 5-hydroxytryptamine in animals 
indicate that tryptophan is the precursor, being converted by oxidation to 
j-hydroxytryptophan, which then undergoes decarboxylation to yield 5- 
hydroxytryptamine (7). 

The studies reported in this paper concern the enzyme, 5-hydroxytrypto- 
phan decarboxylase. Procedures for purification of the enzyme obtained 
from hog and guinea pig kidney homogenates and acetone-dried powders 
and some properties of these preparations are described. 


EXPERIMENTAL 


Materials—5-Hydroxy-pu-tryptophan, 7-hydroxy-pL-tryptophan, and 
7-hydroxytryptamine were kindly supplied by Dr. Bernard Witkop and 
Dr. Arvid Ek. 5-Hydroxytryptamine was made available to us by the 
Abbott Laboratories as the creatinine-sulfate complex. Pyridoxal phos- 
phate was synthetic material prepared by Dr. Elbert A. Peterson of the 
National Cancer Institute. 


Reagents for 5-Hydroxytryptamine Assay 


Borate Buffer—To 94.2 gm. of boric acid dissolved in 3 liters of water are 
added 165 ml. of 10 n NaOH and the pH is adjusted to 11.4 with the glass 
electrode. The buffer is then saturated with washed n-butanol (see below) 


* A preliminary report of this work was presented to the American Society of Bi- 
ological Chemists at Chicago, April, 1953. Part of the material contained in this 
paper was taken from a thesis submitted by C. T. Clark to the Graduate School of 
Georgetown University in partial fulfilment of the requirements for the degree of 
Master of Science in Chemistry. 

{ Present address, Department of Chemistry, University of Virginia. 
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and NaCl. Excess n-butanol is removed by aspiration and excess salt js 
permitted to settle. The final pH should be approximately 10. 
n-Butanol—Reagent grade butanol is purified by shaking first with 0 
N NaOH, 0.1 nN HCl, and finally twice with distilled water. 
Heptane—A practical grade of heptane is treated in the same manner a 
the n-butanol. 


Methods 
5-Hydroxytryptophan Decarboxylase Assay 
Chemical Estimation—Chemical assay of the 5-hydroxytryptamine 
formed during reaction was used as a measure of enzyme activity. The 
reaction mixture is adjusted to pH 10 and saturated with NaCl and 5-hy. 
droxytryptamine is extracted into n-butanol. The n-butanol is then 
washed several times with salt-saturated buffer, pH 10, to remove traces of 


5-hydroxytryptophan and other impurities. Addition of heptane to the 


n-butanol makes it possible to reextract the 5-hydroxytryptamine into 
aqueous acid where it can be assayed spectrophotometrically at 275 my, 
The details of the procedure will appear in a subsequent paper. 

The enzyme reaction was carried out in 20 ml. beakers which were shaken 
on a Dubnoff metabolic incubator at 35° in a nitrogen atmosphere. The 
volume of 3.5 ml. in the beakers consisted of 0.3 ml. of 1 m phosphate buf- 
fer, pH 8.0, 10 y of pyridoxal phosphate, 10 um of 5-hydroxy-pL-trypte- 
phan, 0.5 to 5 units of enzyme (see below), and distilled water to volume. 
After 30 minutes a portion of the reaction mixture containing 0.2 to 20 
uM of 5-hydroxytryptamine was taken for assay. 

Manometric Estimation—Evolved CO, was measured with conventional 
Warburg flasks. The main vessel contained 2.1 ml. of solution consisting 
of 0.1 ml. of 1 M phosphate buffer, pH 8.0, 10 y of pyridoxal phosphate, 2 to 
8 units of enzyme (see below), and water to make up the final volume. The 
flasks were gassed for 5 minutes with 100 per cent nitrogen, and then equil- 
ibrated for 10 minutes, and 20 uM of 5-hydroxy-pL-tryptophan were tipped 
in from one side arm to start the reaction. The reaction was terminated 
by the addition of 0.1 ml. of 4 N H.SO, from the second side arm. A blank 
containing water instead of substrate was used to correct for CO» contained 
in the test solutions. 

3,4-Dihydroxyphenylalanine (DOPA) decarboxylase was assayed mano- 
metrically according to the procedure described by Schales and Schales (8). 

The changes in protein concentration were measured spectrophotometti- 
cally according to the procedure of Warburg and Christian (9). 

Unit—A unit of 5-hydroxytryptophan decarboxylase activity was ex- 
pressed in micromoles of CO, or 5-hydroxytryptamine formed per hour. 
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The rate was invariably constant during the entire course of the reaction 
(see below). 

Specific Actwity—The specific activity of the enzyme preparation was 
measured at each stage of purification. Specific activity is defined as 
microliters of CO, evolved per hour per mg. of protein and is expressed as 


QCO». 
Enzyme Purification 


All steps in the purification were carried out in a constant temperature 
room at 3-5°. 

Step 1—The kidneys from ten guinea pigs (55 gm.) were rapidly chilled, 
defatted, and homogenized with 220 ml. of water in a Waring blendor for 
|minute. The homogenate was then centrifuged for 30 minutes in a Serv- 
all centrifuge at high speed. The fatty layer was removed by aspiration 
and the supernatant extract was decanted from the precipitate. 

Step 2—The extract (170 ml.) was made 37 per cent saturated with 
(NH,)SO, by addition of 99 ml. of saturated (NH,4).SO, (adjusted to pH 
8) and allowed to stand for 20 minutes. The resulting suspension was cen- 
trifuged in the Servall centrifuge at high speed for 20 minutes and the pre- 
cipitate was discarded. 

Step 3—98 ml. of saturated (NH,)2SO. were added to the supernatant 
solution (245 ml.) to bring it to 55 per cent saturation. After 20 minutes 
precipitation was complete and the suspension was centrifuged at high 
speed for 20 minutes. The supernatant solution was discarded and the 
precipitate was dissolved in about 30 ml. of distilled water. The solution 
was then dialyzed against distilled water for 3 hours. The volume after 
dialysis was 36 ml. and contained 15 mg. of protein per ml. 

Step 4—The dialyzed preparation was adjusted to pH 5.8 by careful 
addition of 0.02 N acetic acid (about 2 ml.) and an equal volume of alumina 
Cy was added (about 1 mg. of adsorbent per mg. of protein). The mixture 
was allowed to stand for 30 minutes with occasional stirring and then centri- 
fuged. The precipitated alumina was washed once with 10 ml. of distilled 
water and then eluted four times with 10 ml. portions of 0.1 m phosphate 
buffer, pH 6.3. 

Average values for the purification achieved at each stage in the proce- 
dure are presented in Table I. The purification was carried through many 
times by different individuals in the laboratory and gave fairly reproduc- 
ible results. The preparation after removal from the gel was highly un- 
stable and had to be assayed immediately. Raising the pH from 6.3 to 
7.5 increased the stability but did not restore it to that of the less pure 
fractions. Most of the enzyme studies were carried out with material pur- 
ified 5-fold before alumina adsorption. The enzyme preparation at this 
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stage was quite stable and could be stored in the frozen state for severg| 
weeks with little deterioration. 

Preparations of the enzyme were also made from extracts of acetone. 
dried hog and guinea pig kidney powders. These preparations provided 
a large supply of relatively stable material for enzyme studies. Attempts 
at purification were not as successful as with homogenates, since about two. 
thirds of the activity of kidney was lost on acetone treatment even with 
the most careful handling. However, acetone extracts were found to be 
devoid of oxidative enzymes which destroyed 5-hydroxytryptamine. This 
made it possible to use ordinary aerobic methods for enzyme studies. 


Results 
Properties of Enzyme 


Occurrence—The kidneys and livers of all animals tested contained 5-hy- 
droxytryptophan decarboxylase. Guinea pig stomach was found to con. 


TaBLe [ 


Purification of 6-Hydrozytryptophan Decarbozylase from Guinea Pig 
Liver Homogenates 


The values represent the average obtained in several experiments. 








Stage of purification QCO: Per cent yield 
RET TOT 14 100 
SE UNA nS ; 75 75 


SE ss ta padiaths susie «s 290 37 





tain the enzyme in larger amounts than liver. Some activity was also 
found in a number of other tissues. Table II summarizes the experimental 
data on the occurrence of 5-hydroxytryptophan decarboxylase in animal 
tissues and in microorganisms. 

Identification of Reaction Products—The products formed on decarboxy- 
lation of 5-hydroxytryptophan are 5-hydroxytryptamine and CO». The 
two were produced in equal amounts as the reaction proceeded (Table III). 
The identity of the substance formed by action of the enzyme preparations 
on 5-hydroxytryptophan was established in the following manner. ‘The 
distribution coefficient of the compound between 0.2 m pyrophosphate buf- 
fer, pH 9.4, and n-butanol was found to be 0.65. The distribution co 
efficient of authentic 5-hydroxytryptamine in this system is also 0.65; that 
of 5-hydroxytryptophan is 0.20. When subjected to chromatography on 
paper with n-butanol-propionic acid-water (5:2:3) as the developing sdl- 
vent, the compound appeared as a pink fluorescent spot having an R, of 
0.38. When sprayed with p-dimethylaminobenzaldehyde in acid-alcohol, 
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a blue color appeared. This behavior was identical with that of authentic 
j-hydroxytryptamine. Mixture of authentic 5-hydroxytryptamine with 
the enzymatically formed product yielded only one spot with Rr 0.38. On 
paper chromatograms developed with n-propanol-water (5:1) both the en- 








TABLE II 
Occurrence of 5-Hydroxytryptophan Decarboxylase 
Organism Tissue Activity* 
Guinea pig Kidney +++ 
me - Stomach ++ 
6 “ Liver aoe 
“ “e Intestine + 
” gi Lung + 
Hog Kidney +++ 
° Liver ++ 
Rat Kidney + 
Rabbit on 
Dog + + 
> Platelets 0 
Streptococcus faecalis Cell suspension 0 


* Animal tissues were tested as homogenates. 


TaB_e III 
Stoichiometry of Enzymatic Decarborylation of 5-Hydroxytryptophan 
The incubations were carried out in Warburg vessels as described under ‘‘Mano- 


metric estimation.’’ At the end of the reaction an aliquot was removed for 5-hy- 
droxytryptamine analysis. 





Experiment No. CO: evolved 5-Hydroxytryptamine formed 


uM uM 
1 3.3 1.3 
2 1.9 2.2 
3 4.1 3.9 


zymatically formed material and authentic 5-hydroxytryptamine appeared 

Pyridoxal Phosphate Requirement—5-Hydroxytryptophan decarboxylase 
was almost completely inhibited by 10-*m concentrations of hydroxylamine 
and semicarbazide, suggesting the participation of pyridoxal phosphate. 
However, the inhibitions were not reversed by the addition of even 200 
7 of pyridoxal phosphate. Other amino acid decarboxylases in which a 
pyridoxal phosphate requirement has been demonstrated are reversibly 
inhibited by carbony] reagents (Fig. 3). 
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Deliberate attempts to liberate the apoenzyme were not successful. Only 
slight stimulation with pyridoxal phosphate could be shown even after ey. 
tensive purification which included acetone drying, salt fractionation, dialy. 
sis, adsorption, and elution. Partial inactivation by heating or by treat. 
ment with dilute ammonia also proved unsatisfactory. The only procedur 
which occasionally yielded preparations on which a definite pyridoxal phos. 
phate requirement could be shown was aging at 3-5°. 

Specificity—Tryptophan, 7-hydroxytryptophan, phenylalanine, and ty. 
rosine were all found to be inactive when tested as substrates. The mos 
purified preparations could still decarboxylate DOPA, but this was due to 
contamination with another enzyme, DOPA decarboxylase. 5-Hydroyy. 


MICROLITERS OF CO> 
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pH 
Fic. 1. Comparison of pH optima of DOPA and 5-hydroxytryptophan (5HT) decar- 
boxylases. The enzyme used in both cases was a partially purified guinea pig kidney 
homogenate — = 50). The buffers used were phosphate, pH 5.9 to7.1, and pyn- 
phosphate, pH 7.5 to 9.0. 


DL-tryptophan yielded exactly one-half the calculated amount of 5-hydroxy- 
tryptamine, indicating that the enzyme could decarboxylate only one of 
the isomers, presumably the ut form. 

Substrate-Enzyme A ffinity—The inability to dissociate pyridoxal phos- 
phate from the decarboxylase apoenzyme indicated a high affinity of co- 
enzyme for the enzyme. The affinity of 5-hydroxytryptophan for the en- 
zyme was also found to be high. It was not possible to determine K,, 
since even at the lowest substrate concentrations which permitted measure- 
ment, 5 X 10° M, the rate of reaction was at a maximum. The high affin- 
ity of the substrate for 5-hydroxytryptophan decarboxylase made enzyme 
assay a simple matter, since the reaction followed zero order kinetics 
throughout the reaction period, the rate depending only on the amount of 
enzyme present. 

Inhibitors—Closely related indoles such as tryptophan, 7-hydroxytrypto- 
phan, and 5-hydroxytryptamine did not inhibit even at 10-2 m. 5-Benzy!- 
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oxytryptophan was an effective inhibitor at 10-* m concentrations. In- 
hibition by carbonyl reagents was discussed under “Pyridoxal phosphate 
requirement.” 

pH Optimum—The optimal pH for the decarboxylation was found to be 
§.1 (Fig. 1). 

Stability—The most purified enzyme preparations (QCO, = 290) were 
extremely unstable, losing more than half their activity when stored over- 
night in the frozen state. Less purified preparations (QCO: = 50) could 
be frozen and stored for many days with little deterioration. The enzyme 
was found to be particularly unstable at low pH values. Exposure for 1 
minute to pH 5.2 at 5° resulted in almost complete loss of activity. The 
adjustment to pH 5.8 in the purification procedure was found to be a criti- 
cal step requiring care and speed. The stability of the enzyme was found 


TaBLe IV 


Relative Activities of DOPA and 5-Hydrozxytryptophan Decarborylase (6HT) in 
Various Preparations 








Preparation | COE 
Acetone powder extract, heated 10 min. at 55°..... 19 
" ” oe ine oo ReGen een ie eK 9.0 
RE 2 saw rice Ge aside chae deems ewe can | 6.5 
Most purified preparations........................ 1.4 
EES a a re 0.7 








to be much greater on the alkaline side. Exposure to 0.002 m NH; over- 
night at 5° only partially inactivated the enzyme. About 40 per cent of 
the activity was lost when dialyzed unbuffered enzyme was heated on a 
water bath at 55° for 5 minutes. The 5-hydroxytryptophan decarboxylase 
activity in acetone-dried lung and kidney powders was sufficiently stable to 
make use of such preparations for enzyme studies. However, even with 
the greatest care these deteriorated and were not useful for more than a 
month. 

Comparison with DOPA Decarboxylase—Since the purest preparations of 
j-hydroxytryptophan decarboxylase still contained considerable DOPA 
decarboxylase activity, it was necessary to rule out the possibility that one 
enzyme was catalyzing the decarboxylation of both substrates. The fol- 
lowing experiments definitely prove that 5-hydroxytryptophan decarboxyl- 
ase and DOPA decarboxylase are different and distinct enzymes: (1) The 
relative amounts of the two enzyme activities could be varied 20-fold by 
purification procedures and heat inactivation. A comparison of the activi- 
ties of the two decarboxylases in various preparations is shown in Table IV. 
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(2) The pH optima of the two enzymes were found to differ by 1.5 pH unit 
(Fig. 1). (8) DOPA decarboxylase could be readily dissociated from th 


175 


p—— OF 






150 


125 


100 


N 
on 


MICROLITERS OF CO, 
a 
°o 


4 
— 


ny 
uo 








| 
fe) l ! ) rl l 
O 20 40 60 80 100 120 140 
MINUTES 
Fic. 2. The effect of pyridoxal phosphate on the decarboxylation of DOPA anj 
5-hydroxytryptophan. The enzyme used in both cases was a partially purified er. 


. . 5 ann ° 
tract of acetone-dried hog kidney (Q°"7 = 50) and the reactions were followed mano. 


Co2 
metrically. The vessels contained 0.5 ml. of 0.1 m phosphate buffer, pH 6.0. After 
10 minutes of incubation at 35°, 20 um of the appropriate substrate were tipped in fron 
one sidearm. After an additional 25 minutes, 40 y of pyridoxal phosphate (PALPO 
were tipped in from the second side arm. 
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Fic. 3. Comparison of the effects of semicarbazide on DOPA and 5-hydroxytrypto- 
phan decarboxylases. The enzyme used in both cases was a partially purified extract 
of acetone-dried hog kidney ( nang = 50) and the reactions were followed manometr- 
cally. The vessels contained 0.3 ml. of enzyme in 1.9 ml. of 0.1 m phosphate buffer, 
pH 6.0. The final concentration of semicarbazide was 10-2 M; this was omitted from 
the controls. After 10 minutes of incubation at 35°, 10 um of the appropriate sub- 
strate were tipped in from one side arm. After an additional 35 minutes 200 of py- 
ridoxal phosphate were tipped in from the second side arm. 


coenzyme and showed a requirement for pyridoxal phosphate even in crude 
extracts. 5-Hydroxytryptophan decarboxylase, on the other hand, showed 
little pyridoxal phosphate activation even in purified preparations (Fig. 2). 
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(4) Both decarboxylases could be inhibited by hydroxylamine and semi- 
earbazide. In the case of DOPA the inhibitions were completely overcome 
with pyridoxal phosphate. Inhibition of 5-hydroxytryptophan by these 
reagents could not be reversed by pyridoxal phosphate (Fig. 3). (5) 5- 
Hydroxytryptophan decarboxylase exhibited zero order reaction kinetics 
during the entire period of reaction over a range of concentration from 
5X 10°° to 10-* m. DOPA decarboxylase activity was zero order for 
only a short interval of time, even with substrate concentrations of 10~ m. 


DISCUSSION 


The relatively large amounts of 5-hydroxytryptophan decarboxylase 
found in kidney, liver, and stomach suggest that there is considerable con- 
yersion of tryptophan to 5-hydroxytryptamine via 5-hydroxytryptophan. 
The finding that mg. quantities of 5-hydroxyindoleacetic acid, a metabolite 
of 5-hydroxytryptamine, are normally excreted in the urine of dog and 
man (10) is further proof of the importance of this metabolic pathway. The 
presence of large amounts of 5-hydroxytryptophan decarboxylase in the 
stomach is of especial interest, since gastric mucosa is extremely rich in 
j-hydroxytryptamine. Blood platelets also contain large amounts of 5-hy- 
droxytryptamine but are devoid of 5-hydroxytryptophan decarboxylase 
activity (11). This would indicate that the 5-hydroxytryptamine is not 
made in the circulating blood platelet. 

5-Hydroxytryptophan decarboxylase has many qualities which are 
wique among the amino acid decarboxylases. The pH optimum of 8.1 is 
unusually high. The affinity of the substrate for the enzyme is greater than 
that of other known amino acid decarboxylases. The difficulties encoun- 
tered in liberating the apoenzyme suggest that the coenzyme is tightly 
bound. ‘The inability of excess pyridoxal phosphate to overcome the in- 
hibition due to carbonyl reagents is also unusual among enzymes which 
require pyridoxal phosphate. It will be necessary to isolate the apoen- 
zyme from pyridoxine-deficient animals to establish conclusively pyridoxal 
phosphate as the coenzyme. 


SUMMARY 


1. A soluble enzyme has been obtained from hog and guinea pig kidney 
which catalyzes the decarboxylation of 5-hydroxytryptophan to yield 5- 
hydroxytryptamine (serotonin) and CO.. 

2. The enzyme is highly specific. Tryptophan, 7-hydroxytryptophan, 
tyrosine, and phenylalanine cannot substitute for 5-hydroxytryptophan. 
Only one of the stereoisomers, 5-hydroxy-.-tryptophan, can serve as sub- 
strate. 


3. Some properties of the enzyme and procedures for its purification are 
presented. 
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STUDIES ON METALLOFLAVOPROTEINS 
I. XANTHINE OXIDASE, A MOLYBDOFLAVOPROTEIN 


By BRUCE MACKLER,* H. R. MAHLER, anv D. E. GREEN 


(From the Institute for Enzyme Research, University of Wisconsin, Madison, Wisconsin) 
(Received for publication, February 26, 1954) 


Although it has been known since 1939 from the work of Ball (1) and 
Corran et al. (2) that FAD! is present in preparations of xanthine oxidase 
at all levels of purity, two observations have militated against the simple 
hypothesis that flavin is the primary if not the only prosthetic group of 
the enzyme. First, the absorption spectrum of the enzyme, while resem- 
bling that of a flavoprotein, appeared to show evidence of a second chromo- 
phoric group (1, 2). Concentrated solutions of milk xanthine oxidase are 
red, whereas solutions of “typical” flavoproteins are yellow. Second, Cor- 
ran et al. (2) found that the extended period necessary for complete reduc- 
tion of the prosthetic flavin by the substrates of the enzyme was incom- 
patible with the hypothesis that reduction of flavin is a component process 
in the catalysis. 

More recently Morell (3) has reinvestigated some facets of the problem 
and arrived at the following conclusions. Preparations of xanthine oxidase 
contain FAD in two forms, one bound to active enzyme, the other to inac- 
tiveenzyme. ‘The former is completely and rapidly reducible by the sub- 
strates of the enzyme, while the latter is only very slowly reducible. In 
consequence of the rigors of the isolation procedure, conversion of FAD 
from the active to the inactive form proceeds throughout the preparation. 
The ratio of the two forms is quite variable from one preparation of the 
enzyme to another. Morell did not accept the evidence of spectral anoma- 
lies as evidence for the existence of a second chromophoric group besides 
FAD. The spectral anomalies of the enzyme are referred to the special 
way in which FAD is bound to protein. Finally, Morell was unable to 
observe any significant reduction of enzyme-bound flavin by DPNH and, 
therefore, concluded that xanthine oxidase cannot oxidize DPNH. By 
contrast, the positive results of Corran et al. were obtained by studying the 
reduction of methylene blue by DPNH. 


* Postdoctoral Trainee of the National Heart Institute, National Institutes of 
Health. 

'The following abbreviations will be used throughout this paper: DPN, di- 
phosphopyridine nucleotide; DPNH, reduced diphosphopyridine nucleotide; FAD, 
flavin adenine dinucleotide; Versene EDG, N-hydroxyethyliminodiacetic acid; E, 
optical density = log J/T. 
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During the past year molybdenum has been shown to be associated with 
milk and intestinal xanthine oxidase (De Renzo et al. (4), Richert anj 
Westerfeld (5), Totter et al. (6), and Green and Beinert (7)). The impety 
for these investigations was, first, the observation of De Renzo et al. (8 
(based on earlier observations of Westerfeld and Richert (9, 10)) thy 
molybdenum specifically increased the level of intestinal xanthine oxidag 
in rats maintained on a molybdenum-deficient diet, and, secondly, the 
recognition in our laboratory of the association of two flavoproteins with; 
metal, namely, butyryl CoA dehydrogenase with copper (11) and DPN 
cytochrome reductase with iron (12). Quite independently Albert (13 
had directed attention to xanthine oxidase as a possible metallo-enzym 
on the basis of model experiments on the binding of metals by riboflayin, 
while Nicholas and Nason* have demonstrated molybdenum and FAD x 
part of the prosthetic group of nitrate reductase of Neurospora crassa. 

The present investigation was aimed at a study of the catalytic rdle of 
molybdenum in the hope that knowledge of this réle might throw new light 
on some of the unresolved problems mentioned above. 


Materials and Methods 


The reagents were obtained as follows: DPN (90 per cent pure), DPNH 
(90 per cent pure), and cytochrome c from the Sigma Chemical Company; 
catalase from the Worthington Biochemical Company; Versene EDG from 
the Bersworth Chemical Company; 2-methyl-1 ,4-naphthoquinone from the 
Eastman Kodak Company; and quinacrine from Winthrop-Stearns, Ine, 

The assay of xanthine oxidase activity was based on (a) the reduction of 
methylene blue measured colorimetrically in Thunberg tubes according 
to Corran et al. (2), (b) the reduction of DPN or cytochrome c (16) meas- 
ured spectrophotometrically at 340 and 550 mu, respectively, and (c) the 
reaction with molecular oxygen measured spectrophotometrically by the 
rate of uric acid formation as described by Morell (3). In the DPN assay 
the complete system contained 0.1 ml. of 0.01 m hypoxanthine, 0.3 ml. of 
0.2 m phosphate buffer of pH 7.0, and 0.05 ml. of 2 per cent DPN in a final 
volume of 1 ml. In the cytochrome c assay DPN was replaced by 0.1 
ml. of 1 per cent cytochrome c, and also catalase (10 y) and ethanol (10 
mg.) were added in the same final volume.* 

Protein was estimated by the biuret reaction (17). Molybdenum and 
FAD were determined as described by Green and Beinert (7). 


* At the meetings of the American Institute of Biological Sciences, Madison, Wis- 
consin, September, 1953. See also (14, 15). 

3 Molybdic oxide (0.4 um) was added in the cytochrome c assay systems, since the 
enzyme preparation was inactive without added molybdenum. 
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Preparation of Enzyme 


The following is a simple method designed for large scale preparation of 
the enzyme, which has been used routinely in our laboratory during the 
past 5 years. 20 liters of approximately 70 per cent fresh unpasteurized 
cream were added slowly with mechanical stirring to an equal volume of 
water to which sufficient sodium chloride had been added for saturation of 
40 liters. ‘The mixture was stirred for 20 minutes and then filtered through 
large fluted papers. The filtrates should be refiltered if not sparkling 
dear. Filtration was complete after about 15 hours. An equal volume 
of a saturated solution of ammonium sulfate was added slowly to the fil- 
trate with mild agitation, care being taken to avoid foaming, and the 
solution was filtered through three large fluted papers (6 to 10 hours). 
When the filtration was completed and before any salt crystallized on the 
papers, the still moist precipitates were scraped from the papers with a 
spatula and dissolved in approximately 100 ml. of 0.2 m phosphate buffer 
of pH 7.0 (readjust pH to 7.0 when necessary). All subsequent procedures 
were carried out at 0° unless otherwise stated. The solution was then frac- 
tiated with a neutral (pH 7.0) saturated solution of ammonium sulfate 
within the limits 0 to 30 per cent and 30 to 50 per cent saturation. The 
precipitate collected between 0 and 30 per cent saturation was discarded, 
while that between 30 and 50 per cent saturation was dissolved in 0.02 m 
potassium bicarbonate solution, and the resulting solution was then dia- 
lyzed against 100 volumes of 0.02 m potassium bicarbonate for 12 hours. 
Absolute ethanol was added slowly to the dialyzed solution until a level of 
20 per cent by volume of alcohol was reached. The temperature of the 
solution was lowered progressively during addition of alcohol to the range 
of —5°to —10°. The preparation was centrifuged (— 10°) and the precipi- 
tate dissolved in 0.02 m potassium bicarbonate solution. Alumina Cy gel 
(18) was then added to the solution in repeated small quantities (centri- 
fuging after each addition) until the solution became colorless. The 
separate fractions of gel were washed with 0.02 m potassium bicarbonate 
until the wash fluid was clear, and then the enzyme was eluted twice from 
the gel with 3 volumes of 0.1 m phosphate solution, pH 7.0, which was 25 
per cent saturated with respect to ammonium sulfate. Each eluate frac- 
tion was brought to 60 per cent saturation with a neutral saturated solution 
of ammonium sulfate, and the precipitates were collected and dissolved in 
0.02 m potassium bicarbonate. The several fractions were assayed for 
activity and the two fractions of highest activity (go: E450 ~~ 13) were 
combined into one sample. The combined preparation was then carefully 
fractionated with a neutral saturated solution of ammonium sulfate (seven 
fractions) between the limits of 30 and 60 per cent saturation, and the 
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precipitates were collected and dissolved in 0.02 m potassium bicarbonate 
The fractions were assayed and those of highest activity (oso: L450 ~ 9 
were again combined. The combined preparation was dialyzed agains 
0.02 m potassium bicarbonate for 12 hours and again treated with alumin 
Cy gel as above. The eluates were then subjected to two successive am. 
monium sulfate fractionations as described above, except that an ammo. 
niacal solution of 94 per cent saturated ammonium sulfate was used (j 
parts of concentrated ammonia to 94 parts of saturated ammonium gi. 
fate). The best fraction (Hso: L450 ~~ 6.5) was estimated to be approxi 
mately 90 per cent pure xanthine oxidase from determinations of its FAD 
and protein contents (2). Since the starting material contained 2000 units 
(2), while the fraction of highest activity contained 50 units in about % 
mg., the over-all recovery of this fraction is 2.5 per cent. The fractions of 
a purity level close to that of the highest (H2go: F450 of about 9.0) contained 
about 100 units or 5 per cent of the original number of units. 


Results 


Molybdenum Content—Table I contains a summary of the molybdenun. 
flavin ratio and the percentage of molybdenum in preparations of increasing 
purity. In agreement with the findings of Green and Beinert (7) and 
Totter et al. (6) the molybdenum-flavin ratio is close to 0.5 in freshly made 
preparations of the enzyme. When purified preparations which have been 
stored for some weeks at —10° are reprecipitated with ammonium sulfate 
or dialyzed under appropriate conditions, the molybdenum content drops 
to very low values. Thus ratios considerably lower than 0.5 can be ob- 
served under such conditions. In a later section evidence for the require- 
ment of molybdenum for reduction of cytochrome c will be presented. The 
significant point has emerged from these studies that even freshly prepared 
enzyme with a ratio of 0.50 reacts more rapidly with cytochrome c when 
supplemented with molybdenum. The possibility cannot therefore be ex- 
cluded that the correct ratio of molybdenum to flavin is 1.0 or even higher 
and that one or more of the metal atoms are lost at the earliest stage in the 
preparation. 

Specificity of Substrate and Electron Acceptor—FPreparations of xanthine 
oxidase at the highest purity level catalyze the oxidation of DPNH, hypo 
xanthine, and acetaldehyde by quinones, cytochrome c, nitrate, molecular 
oxygen, and finally dyes such as methylene blue (2, 16, 19-21).4 At 
saturation levels of substrate and with methylene blue as acceptor the 


4 Lowry et al. (22) and Kalckar et al. (23) have shown that xanthine oxidase also 
is active with pterins, while Lorz and Hitchings have presented evidence for the 
oxidation of 2-aminopurines (24). Nason et al. (25) have described the interaction 
of DPNH and quinones mediated by a specific quinone reductase. 
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ratio of the velocities for DPNH, hypoxanthine, and aldehyde, respectively, 
js 1.3:1.0:1.0. No point of difference has yet been found among the three 
substrates as far as electron acceptor is concerned. 

With hypoxanthine as substrate DPN can serve as electron acceptor (see 
Fig. 1, A). The rate of cytochrome c reduction is also shown for purposes 
of comparison (Fig. 1, B). 


Kinetic Constants 


The rates with which several electron acceptors are reduced by the four 
representative substrates (DPNH, xanthine, hypoxanthine, and acetalde- 
hyde) have been determined over a wide range of substrate concentration. 
The data of some typical experiments in the particular case of 2 ,6-dichloro- 
phenolindophenol as oxidant have been graphed in Fig. 2 according to the 


TABLE I 


Properties of Enzyme Fractions 


| 


any ge uM X 10 per enzyme unit 
Specific activity | 


Sample No. Exo: Esso (methylene blue) Mo: FAD 
FAD Mo 
1 23.6 0.45 
2 17.5 0.45 0.031 0.018 0.58 
3 | 9.0 0.64 0.037 0.020 0.54 
4 | 6.9 1.2 


0.027 0.013 0.48 
reciprocal method of Lineweaver and Burk (26). From data obtained in 
this manner the kinetic constants summarized in Table II have been de- 
termined. The Michaelis constants (K’,) (27) for DPNH and acetaldehyde 
under the particular experimental conditions employed here vary by a 
factor of 200,000. The constants for DPNH and xanthine were deter- 
mined with more than one acceptor. They have been found to be identical 
within experimental error. At least in these cases K’, may be equal to the 
dissociation constant for the enzyme-substrate complex. It should be 
stressed that the dissociation constant for DPNH is different from that 
of the purine substrates. Some of the experiments to be described below 
also lend support to the postulate that different sites on the enzyme may 
be involved in the two cases (2). The maximal velocities (V), here ex- 
pressed as micromoles of substrate oxidized per minute per mg. of pure 
enzyme, appear to fall in two groups: that in which V ~ 1 and that in 
which V ~ 0.3. Hypoxanthine, xanthine, and DPNH when tested with 
oxygen or indophenol fall into the first category, whereas these substrates 
when tested with cytochrome c fall into the second category. Acetalde- 
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hyde belongs in the second category regardless of the oxidizing agent used, 
Similar considerations obtain, of course, for k3; which is calculated from 
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Fig. 1. Rate of oxidation of hypoxanthine by DPN* and of DPNH by cytochrome 
c. A, 1.5 um of DPN* and 1.4 mg. of xanthine oxidase in a final volume of 1 ml, of 
0.1 m phosphate (pH 7.0) were placed in a 1 ml. cuvette, and the reaction was started 
by addition of 4 um of hypoxanthine, activity being measured against a blank 
containing all components except DPN; B, 0.5 um of DPNH and 0.1 ml. of 1 per cent 
cytochrome c in a final volume of 1 ml. of 0.1 m phosphate buffer (pH 7.0) were placed 
in a 1 ml. cuvette, the reaction being started by addition of 0.7 mg. of xanthine oxi- 
dase. 
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Fic. 2. Lineweaver-Burk plots of velocity-substrate relationships with indo- 
phenol as acceptor. Each cuvette contained 10 um of phosphate buffer of pH 70, 
10 y of indophenol, and the amount of the various substrates shown on the figure. 
The reactions were started by the addition of xanthine oxidase (8 to 40 y) andV 
was assigned the value of the rate between 15 and 75 seconds. 


the relation V = k; [E] where [E], the enzyme concentration, is estimated 

by assuming a molecular weight of 235,000 for the enzyme (2). 
Absorption Spectrum of Enzyme—Since it is important to know with some 

precision the spectrum of the reducible group or groups in the enzyme, the 
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curves of Fig. 3, A, obtained in a Carey direct recording spectrophotom- 
eter, are reproduced here. Similar curves have been reported by other 
investigators (1-3, 16). The difference spectrum (oxidized minus reduced) 
of Fig. 3, B, deviates markedly from that of FAD with respect to the 
position of the band at 370 my, width of the bands, and absorption be- 
yond 500 my. These differences could mean either that the spectrum of 























TABLE II 
Kinetic Constants 
Substrate Acceptor | K. | ¥ ka 
= lum substrate X 
M min. X min 
| mg. 
DPNH Indophenol (3.15 X 10-5 m) 50x 107 | 0.@7 154 
| Cytochrome c* (5.0 X 4.5 X 1077 | 0.33 77 
| 10-5 m) 
Oz (0.08) tf 
2-Methyl-1,4-naphtho- (0.65) 
quinone (5.0 X 10-° m) 
Xanthine Indophenol 8.8 X 10-5 1.33 315 
(0.61)t 
O2 5.0 X 10-5 1.25 295 
Cytochrome c (0.30)t 
Hypoxanthine | Indophenol 4.75 X 10-5 oe | 261 
| Cytochrome c | (0.38) 
Aldehyde Indophenol | 2.0 X 10°? | 0.30 70 











All values refer to 0.04 m phosphate buffer, pH 7.0 and 22°, and were determined 
with 8 to 40 y of highly purified enzyme. 

*When cytochrome c was used as acceptor, the runs were made in 2 X 10-4 m 
MoOQ;. 

t The values in parentheses are those determined empirically; all other values 
are obtained from appropriate Lineweaver-Burk plots. 

t Maximal activity actually obtained at S = 6.6 X 10-5 m; rates inhibited be- 
yond this concentration of xanthine or hypoxanthine. 


FAD when conjugated with the apoenzyme of xanthine oxidase becomes 
profoundly altered in a way not shown by most other protein-bound flavins 
or that the difference spectrum is compounded of two absorbing species, 
only one of which is FAD. 

When molybdenum is removed from the enzyme, the absorption spec- 
trum remains unchanged. Thus molybdenum makes no contribution to 
the spectral anomalies of the enzyme. 

When a solution of the enzyme is mixed with an equal volume of ethy] 
alcohol and allowed to stand for 15 minutes at room temperature, the pro- 
tein becomes denatured, as is shown by loss of enzymatic activity and 
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insolubility in water. Under these conditions flavin is released. When 
the insoluble residue after centrifugation is thoroughly washed and then 
taken up in alkali (0.01 m), the absorption spectrum of the solution has the 
form illustrated in Fig. 4. The most significant features of this spectrum 
are the shoulder at 410 mu and the slow drop at wave-lengths between 450 
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Fic. 3. A, absorption spectra of xanthine oxidase in oxidized state and after re- 
duction by hypoxanthine. B, difference spectrum (oxidized minus reduced) of 
xanthine oxidase and the spectrum of pure FAD. 


and 650 my (compare with the difference spectrum in Fig. 3, B). A con 
centrated solution of the alcohol-denatured and flavin-free enzyme is brown. 

Extent of Bleaching of Enzyme by Various Substrates—Bleaching of the 
enzyme was determined in a Beckman spectrophotometer by measuring 
the per cent decrease in optical density at 450 mu after addition of the 
substrate. In a typical experiment 4 mg. of enzyme dissolved in 1.0 ml. 
of 0.16 m phosphate buffer (pH 7.0) were tested. The degree of bleaching 
with dithionate (35 per cent of the total absorption at 450 my) was 
taken to be 100 per cent reduction of flavin. The corresponding degree of 
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bleaching by the various substrates is expressed as a percentage of the 
dithionate value. The following degrees of bleaching were obtained: hy- 
poxanthine (1.1 wm), 40 per cent; hypoxanthine (44 um) with pH adjusted 
to 8.5, 80 per cent; hypoxanthine (1.1 um) with DPN (1 uo), 11 per cent; 
acetaldehyde (100 um), 57 per cent; acetaldehyde (100 um) with DPN* 
(1 um), 17 per cent; DPNH (2 um), 0 per cent. When uric acid (1 um) 
was added to the enzyme system, bleaching by hypoxanthine (1.1 uo) fell 
from 40 per cent to about 26 per cent. This was true whether uric acid was 
added to the system at zero time simultaneously with hypoxanthine or 
after contact of the enzyme with hypoxanthine. The bleaching percent- 
ages refer to measurements made within a few minutes of addition of sub- 
strate. Since no precautions were taken to exclude oxygen, final equilib- 
rium is attained only after 2 to 3 minutes, when oxygen in the solution is 
exhausted. 
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Fic. 4. Absorption spectrum of xanthine oxidase after removal of FAD by treat- 
ment with alcohol; the water-insoluble residue was dissolved in 0.01 m potassium 
hydroxide. 


The following E’y values at pH 7 and 38° may serve as a guide to the 
interpretation of the above results: hypoxanthine-xanthine, —0.371 volt 
(28, 29); xanthine-uric acid, —0.361 volt (28, 29); DPNH-DPN*, —0.320 
volt (30); and acetaldehyde-acetate, < —0.45 volt (31). From these values 
and the equilibria indicated above the EZ’ for the enzyme prosthetic group 
was estimated to be approximately —0.45 volt. 

Requirement for Molybdenum—The activity of xanthine oxidase is not 
increased by addition of molybdenum in the form of an aqueous solution of 
molybdic oxide when oxygen, dyes, DPN, or quinones are used as electron 
acceptors. This statement applies regardless of the nature of the substrate 
tested, at all stages in the purification of the enzyme, for any time of 
storage of the enzyme, and for any type of treatment to which the enzyme 
has been subjected. However, aged preparations of the enzyme or fresh 
preparations, dialyzed first against 0.01 m ammonia‘ and then against 0.2 m 
tris(hydroxymethyl)aminomethane buffer of pH 8.0, are unable to cata- 


’ Personal communication from Dr. E. C. De Renzo. 
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lyze the oxidation of DPNH, aldehyde, or hypoxanthine by cytochrome ¢ 
unless supplemented with an aqueous solution of molybdic oxide (see Figs, 
5, A and 5, B). The activity-molybdenum concentration curve is pre. 
sented in Fig. 6. Maximal activity is attained at a concentration level 
equivalent to about 500 molecules of molybdic oxide per molecule of xan- 
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Fig. 5. Rates of reduction of cytochrome c by hypoxanthine and DPNH, respee- 
tively, with and without added molybdenum. A, 0.5 um of cytochrome c, 1 mg. of 
xanthine oxidase, and 0.01 ml. of 0.1 per cent solution of catalase in a final volume of 
1 ml. of 0.06 m phosphate buffer (pH 7.0) were placed in each of two 1 ml. cuvettes. 
One of the cuvettes contained in addition 0.5 um of molybdenum as molybdic oxide, 
The reactions were started by adding 1 um of hypoxanthine to each cuvette. B, 
the constituents added to each of two cuvettes were the same as in Fig. 5, A except 
that the reactions were started by adding 0.5 um of DPNH. 

Fia. 6. Effect of concentration of molybdic oxide on rate of reduction of cyto- 
chrome c by DPNH in the presence of xanthine oxidase. Each cuvette contained 
0.3 ml. of 0.2 m phosphate of pH 7.0, 0.24 mg. of xanthine oxidase, 0.1 ml. of 1 per cent 
cytochrome c, and amounts of molybdic oxide, as shown, in a final volume of 1 ml. 
The reactions were started by the addition of 0.04 ml. of 0.1 per cent DPNH. 


thine oxidase, assuming a molecular weight of 230,000 and two flavins per 
molecule® (7). 

Molybdenum can be replaced (to the extent of 10 per cent) by uranium 
in the form of uranyl ions, but not by tungstate, ferric, manganous, cupric, 
or magnesium ions. Molybdate ions do not substitute for molybdic oxide 
at equal molybdenum concentration. 

No lag period in the reactivation of the enzyme by molybdenum has 


6 This is probably indicative of the fact that a molecular species other than molyb- 
dic oxide or molybdate is actually bound by the enzyme (see also the next paragraph). 
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been observed, since the rates of cytochrome c reduction are identical 
whether the enzyme is incubated with molybdic oxide before addition of 
cytochrome c or whether the incubation period is eliminated. Besides re- 
duction of cytochrome c, enzymatic reduction of nitrate and ferricyanide 
also requires molybdenum, as shown in Table III. 

Requirement for Inorganic Phosphate—The interaction of the enzyme sys- 
tem with methylene blue or oxygen proceeds equally well with or without 
added inorganic phosphate. However, the interaction with cytochrome c, 
nitrate, or ferricyanide indicates an absolute requirement for inorganic 
phosphate regardless of the nature of the substrate under test. The 


TaBLeE III 


Phosphate and Molybdenum Requirements of Xanthine Oxidase for Reduction 
of 1 Electron Acceptors 


eterna diem : 


V,t um substrate X min.~? X mg. 














Conditions* 
i 0.01 u NO; | S$ X 10+ [Feccnya™ 

0.06 m phosphate (pH 7.0); MoO; (0.5 | 

um) added. a 0.24 0.55 
0.06 m phosphate (pH7. 0); no , MoO; 

Roe ie ciciels obacwre paket ekiesen 0.06 0.27 
0.004 mM — (pH 7.0); MoO; 

(0.5 wm) added. oF eee ae 0.00 0.18 








*DPNH (0.06 ml. of 0.1 per cent) was used as substrate in all experiments. In 
those experiments in which phosphate was not added, 0.1 M potassium bicarbonate 
(pH 7.0) was added to maintain ion equilibrium. 

t V was corrected for non-enzymatic blanks. 


{ The enzyme preparation employed in these experiments was not completely 
free of Mo. 


activity-phosphate concentration curve has the form shown in Fig. 7. Ar- 
senate at equal concentration can replace phosphate to the extent of 20 per 
cent. Inorganic pyrophosphate and a-glycerophosphate cannot replace in- 
organic phosphate in this reaction. On the contrary, pyrophosphate is an 
inhibitor of the system. Thus 5 um of pyrophosphate will inhibit cyto- 
chrome c reduction under normal assay conditions to the extent of 70 per 
cent. This pyrophosphate inhibition can be overcome in a competitive 
manner by phosphate as determined by the method of intercepts on a 
1/8 versus 1/V plot (26). Molybdenum, on the other hand, does not com- 
petitively release the pyrophosphate inhibition. 2,4-Dinitrophenol at a 
concentration of 0.001 m does not inhibit the rate of cytochrome c reduction. 

Inhibitors—In view of the participation of molybdenum in the reaction 
of xanthine oxidase with cytochrome ec, the possibility arose of finding in- 
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hibitors which would interfere with cytochrome ¢ reduction, but not with 
reduction of other acceptors. The surprising observation was made that 
the metal-catalyzed reduction of cytochrome c was not sensitive to various 
reagents such as azide (0.001 m), Versene EDG (0.001 m), and 8-hydroxy. 
quinoline (0.001 m), which are known to inhibit other metal-catalyzed pro. 
esses. Cyanide (0.1 m), however, did inhibit cytochrome c reduction unde 
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Fic. 7. Effect of concentration of phosphate on rate of reduction of cytochrome 
c by DPNH. Each cuvette contained 0.5 um of molybdic oxide, 0.24 mg. of xanthine 
oxidase, 0.1 ml. of 1 per cent cytochrome c, and amounts of phosphate (pH 7.0), as 
shown, in a final volume of 1 ml. 0.1 mM potassium bicarbonate (adjusted to pH 7.0) 
was added to maintain ion concentration at a constant level. The reactions were 
started by the addition of 0.04 ml. of 0.1 per cent DPNH. 

Fic. 8. Effect of cyanide on the activity of xanthine oxidase. 0.1 ml. of 1 percent 
cytochrome c in a final volume of 1 ml. of 0.15 m phosphate buffer (pH 7.0) was placed 
in each of two 1 ml. cuvettes. One cuvette contained in addition 1.4 mg. of cyanide- 
treated xanthine oxidase (see the text), whereas the other contained 1.4 mg. of un- 
treated enzyme. The reactions were begun by adding 0.5 um of DPNH to each 
cuvette. 


conditions in which no effect on methylene blue was demonstrable (Fig. 8). 
This difference occurred only when DPNH was used as substrate and when 
the enzyme had been preincubated with the inhibitor for 1 hour at room 
temperature. Reactions involving hypoxanthine or aldehyde as substrates 
(32), regardless of the electron acceptor employed, were inhibited by cyan- 
ide to the same degree that the interaction of DPNH with cytochrome ¢ 
was. 

Arsenite (0.001 m), p-chloromercuribenzoate (33) (0.0001 m), and quin- 
acrine (0.0001 m), respectively, inhibit enzymatic activity with either ox- 
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ygen or cytochrome c as acceptors >50 per cent, 100 per cent, and >50 
per cent. 


DISCUSSION 


The experiments reported in this communication confirm the conclusion 
of Corran et al. (2) that the same flavoprotein enzyme which is active on 
hypoxanthine and acetaldehyde is also active on DPNH. The conclusion 
now rests on the following evidence. First, the flavoprotein at a stage 
approaching homogeneity has the same activity ratio for hypoxanthine and 
DPNH as have the first crude extracts (2). Second, the molybdenum re- 
quirement for cytochrome c reduction applies both to DPNH and hypoxan- 
thine as substrates. If there are two flavoproteins, then both would have 
to bind molybdenum in exactly the same fashion and to lose molybdenum 
under exactly the same conditions. Third, DPN can serve as electron ac- 
ceptor for the enzyme acting upon hypoxanthine. On the basis of two 
separate flavoproteins this interaction of the reductant of one with the oxi- 
dant of the other would require a transfer of electrons from one protein 
to another in the absence of an external mediator, an interaction which 
has no precedence in the known chemistry of flavoprotein enzymes. 

The evidence that milk xanthine oxidase does not act upon DPNH is 
twofold: the observation of Morell (3) that DPNH does not reduce the en- 
zyme, and the report by Lowry et al. (22) that purified preparations of the 
enzyme which are active upon hypoxanthine are barely active upon DPNH. 
In view of the clear evidence that the oxidation-reduction potential of the 
system oxidized enzyme-reduced enzyme lies close to that of the system 
hypoxanthine-xanthine (—0.370 volt), it can now be maintained that it is 
thermodynamically impossible for DPNH to reduce the enzyme to any 
measurable degree, since the 1’, of the system DPNH-DPN is about 150 
my. more positive. The potentials would permit oxidation of reduced en- 
zyme by DPN, a possibility which has been verified experimentally. It 
is of interest in this connection to note that the rate of oxidation of DPNH 
by oxygen in the presence of the enzyme is exceedingly slow. Lowry et al. 
(22) were unaware of this limitation when they assayed their preparations 
of xanthine oxidase for DPNH activity. 

There do, however, remain real differences in the stability of the en- 
zyme with respect to DPNH activity in contrast to hypoxanthine or alde- 
hyde activity. Similarly, certain reagents like cyanide inhibit the latter 
activity, but not the former. Perhaps elucidation of the nature of other 
functional groups of xanthine oxidase will contribute to the solution of this 
particular dilemma. 

The evidence which has been presented under “Results” provides no 
support for the assumption of Morell that the partial reduction of flavin is 


XUM 
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referable to partial inactivation of the enzyme. The ratio of hypoxanthine 
activity to flavin content remains constant throughout the purificatio 
procedure. This ratio would decline throughout the purification if Morell’s 
assumption of two forms of FAD were correct. Since partial reduction of 
FAD is readily explained in terms of an oxidation-reduction equilibrium 
between the enzyme and the substrate system with the respective F’, 
values fairly close together, the necessity for Morell’s assumption of two 
forms of FAD no longer holds. The estimated L’y for the flavin prosthetic 
group of the enzyme (—0.45 volt) is more negative than that of other 
flavoproteins by 20.20 volt. It is tempting to ascribe this strongly neg: 
tive potential to the presence of some components in the enzyme other 
than flavin. If molybdenum is responsible, then it must be molybdenum 
in a valence state other than Mot’, possibly the unstable (at pH 7) strongly 
reducing Mot’. 

The nature of the slow, complete reduction of enzyme-bound FAD 
which follows the initial, rapid, and partial reduction has yet to be deter- 
mined. The explanation may be found in the multiple valency states of 
molybdenum. In the rapid phase the oxidation-reduction potential of the 
enzyme might be that of the system FAD, MotY!-FADH, Mot’. Assum- 
ing a slow, irreversible reduction of Mo*Y to Mo*!¥ then the oxidation- 
reduction potential of the enzyme in the second slow phase would be that 
of the system FAD, Mot’-FADH, Mot'’. If the latter system were 
more positive than the original, complete reduction of the flavin could 
take place. 

The anomalous spectrum of xanthine oxidase can now in large measure 
be explained in terms of a second colored component which, unlike flavin, 
is not released from the enzyme protein in the presence of 50 per cent al- 
cohol at room temperature. The nature of the second chromophoric group 
has yet to be determined. 

Xanthine oxidase conforms to the pattern established for the rdle of 
metal in other flavoprotein enzymes, such as butyryl CoA dehydrogenase 
(11) and DPNH cytochrome reductase (12). Whether the metal is a 
molybdenum, copper, or iron, its réle is confined to facilitating the inter- 
action of reduced flavin with 1 electron acceptors such as cytochrome c or 
ferricyanide. Nitrate also seems to belong in this group, as had already 
been shown by Nicholas and Nason in the case of the nitrate reductase 
from Neurospora crassa.2, The present investigation has also placed mo- 
lecular oxygen and quinones in the class of 2 electron acceptors not requir- 
ing the intervention of metal. This hypothesis of a functional rdéle for 
metals in metalloflavoproteins does not exclude the possibility of a struc 
tural contribution; the metal is probably involved in the linkage of flavin 
nucleotide to protein, but it may chelate additional components as well. 
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The requirement for metal to mediate the interaction of a 2 electron 
reductant with a 1 electron acceptor brings to mind the valency equivalence 
theory of Shaffer (34) which was based on observations in inorganic sys- 
tems. According to this theory reactions between two substances of un- 
equal oxidation-reduction equivalence proceed very slowly unless mediated 
by 1 electron catalysts. 

‘The absolute requirement for inorganic phosphate in the molybdenum- 
catalyzed cytochrome c reduction suggests the possibility that an inter- 
mediary phosphate ester is formed coincident with reduction of molyb- 
denum. Such a binding of phosphate is linked with the reduction of 
molybdate to a relatively stable form, the reaction on which the deter- 
mination of inorganic phosphate is based. 


SUMMARY 


Xanthine oxidase requires molybdenum for activity with cytochrome c, 
but not with dyes and oxygen, thus conforming to the patterns set by other 
metalloflavoproteins. Molybdenum was removed from the enzyme by 
dialysis against 0.01 m ammonia, and activity was restored by the addition 
of molybdic oxide. This activity is dependent on the presence of inor- 
ganic phosphate and is competitively inhibited by pyrophosphate. Enzy- 
matic activity with DPNH resides in the same protein with which xanthine 
oxidase activity is associated, but may occur at a site different from that 
involved with other substrates, such as aldehyde or purines. In addition 
to FAD and molybdenum the enzyme appears to contain a second chromo- 
phoric group. The partial reduction of flavin by hypoxanthine is probably 
due to an oxidation-reduction equilibrium and not to the presence of in- 


active FAD. 


We wish to acknowledge the competent technical assistance of Mrs. 
Dorothee G. Elowe. 
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Ul. THE ROLE OF IRON IN DIPHOSPHOPYRIDINE NUCLEOTIDE 
CYTOCHROME ce REDUCTASE* 
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DPNH! cytochrome reductase, the enzyme which catalyzes the oxida- 
tion of DPNH by ferricytochrome c, was made soluble and isolated from 
pigeon breast muscle by Hayaishi (2) and Edelhoch et al. (3). During an 
earlier phase of the present investigation we described a method for the 
isolation and extensive purification of the enzyme from beef heart muscle 
and reported some of the properties of the highly purified reductase (4, 5). 
At the time we recognized that the flavoprotein was atypical with respect 
toa variety of properties, such as absorption spectrum, prosthetic group, 
action of inhibitors, etc., but we were unable to account for these anomalies. 
tecently several flavoproteins have been shown to contain metals as part 
of their prosthetic groups (6-11). The possibility that the reductase is a 
metalloflavoprotein was therefore explored. In a preliminary communica- 
tion we have identified iron as an integral part of the prosthetic group (12). 
The present report deals in greater detail with this identification and with 
some aspects of the réle of iron in the enzymatic catalysis. 


Materials and Methods 


Chemicals—The following are the reagents used and their sources: DPN+ 
90 per cent pure) and cytochrome c from the Sigma Chemical Company. 
EDTA (Versene), N-hydroxyethylaminodiacetic acid (Versene EDG) 
V,N-dihydroxyethylglycine (Versene Fe-3-specific), and N-hydroxyethyl- 
ethylenediaminetriacetic acid (Versene-ol) were samples kindly provided 
by the Bersworth Chemical Company; while benzoylacetone, thenoyltri- 
fuoroacetone, and furoyltrifluoroacetone were obtained from the Mid- 

*For Paper I of this series see Mackler, Mahler, and Green (1). 

tSupported by a grant-in-aid of the American Cancer Society on recommenda- 
tion of the Committee on Growth, National Research Council. 

‘The following abbreviations will be used: FAD, flavin adenine dinucleotide; 
FMN, riboflavin-5’-phosphate; EDTA, ethylenediaminetetraacetate; DPNt+, co- 
enzyme I; DPNH, reduced coenzyme I; GSH, reduced glutathione; EF, optical 
density = log J/J; reductase, DPNH cytochrome reductase; TCA, trichloroace- 
tie acid; Diol, 2-amino-2-methy]-1,3-propanediol; Tris, tris(hydroxymethy])amino- 
methane. 
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continent Chemicals Corporation. FAD and FMN were purified in g 
manner already described (4). 

Enzymes and Proteins—Reductase was prepared as described previously 
(4); diaphorase was purified according to Straub (13); and crystalline aleo. 
hol dehydrogenase was obtained from the Worthington Biochemical Cor. 
poration. Conalbumin recrystallized four times was a sample prepared 
and generously provided by Professor H. F. Deutsch, while we are indebted 
to Dr. D. M. Surgenor for a sample (73 per cent pure) of the iron-binding 
globulin (14). 

Iron Determinations—In all analytical work to be described, redistilled, 
demineralized water was used. The glassware was carefully washed with 
hot acid and rinsed eight to ten times with tap water, four times with de. 
ionized water, and two times with glass-distilled water. When these pre. 
cautions were observed, the water blanks were usually of the same order 
of magnitude as the experimental error. The method of iron analysis used 
is a microadaptation of the o-phenanthroline method described by Sandell 
(15). Under the conditions of the experiment, the non-hematin iron pres- 
ent in our preparations is determined quantitatively, while none of the 
porphyrin-bound iron interferes under these conditions. The sample to be 
analyzed is deproteinized with 5 per cent (final concentration) TCA. To 
0.20 ml. aliquots of this sample are added in order (a) 0.20 ml. each of 1.0 
M sodium acetate-acetic acid buffer of pH 4.0, (b) 0.5 per cent o-phenanthro- 
line, and (c) 10 per cent hydroxylamine hydrochloride. The samples are 
then placed in a water bath at 38° for 30 minutes. At the end of this 
period they are read in the Beckman spectrophotometer at 500 my against 
a reagent blank (including the TCA). We have routinely added know 
amounts of a standardized ferric nitrate solution to some samples of the 
unknown in order to have internal standards available. The method is 
reproducible and linear over a 50-fold concentration range when stand- 
ardized against a primary iron standard. Under the conditions of the 
assay the E509 for 10 mugm. atoms of iron is 0.140. If the assay is to be 
used to determine the relative amounts of ferrous and ferric iron, the 
sample is run in duplicate and water is substituted for the hydroxylamine 
hydrochloride in one of the two tubes. The tube without reducing agent 
provides a measure of the ferrous iron, while the ordinary method is used to 
estimate the total iron. The ferric iron is then obtained by difference. 

Estimation of Flavin Content—The flavin content of the enzyme was 
determined both by the AZ43; on reduction with hydrosulfite (4) and by 
E450 in a filtrate of the enzyme deproteinized with perchloric acid. These 
methods and the extinction coefficients used have been described previ 
ously (10). 

Enzymatic Assay and Definition of Specific Activity—The assay for both 
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reductase and diaphorase activity has been described (4). However, the 
measurements reported here have been carried out in a total volume of 
100 ml. Under present conditions a specific activity (defined as AE 550 
from 15 to 75 seconds per mg. of enzyme) of 400 corresponds to a specific 
activity of 180 as defined by Mahler et al. (4). Protein was determined by 
the biuret reaction (16). 

Estimation of Sulfhydryl Groups. Nitroprusside Reaction—To 0.15 ml. 
of sample are added 0.05 ml. of m phosphate buffer of pH 7.0, 0.20 ml. of 
saturated sodium chloride, 0.20 ml. of sodium cyanide-sodium carbonate 
reagent, and 0.20 ml. of sodium nitroprusside. The E520 is determined 
against a reagent blank. Under these conditions the color is stable for 
several minutes, and 0.010 um can be determined with an accuracy of +5 
percent. 1.0 X 10-* m GSH is used as a primary standard. The E520 
for 0.010 um is 0.050. 

Cytochrome c Assay—To 0.05 ml. of 0.10 m phosphate buffer are added 
0.05 ml. of sample, 0.05 ml. of 1 per cent cytochrome c, and 0.85 ml. of 
water. The blank contains water instead of sample. The tubes are then 
incubated at 38° for 20 minutes, and the F550 is determined. The difference 
in E550 between the experimental tube and blank X 5.35 X 107 equals the 
micromoles of sulfhydryl in the sample. ; 

Indophenol Assay*>—This is similar to the cytochrome c assay, except 
that 0.10 ml. of 0.01 per cent indophenol is used and the E¢oo is measured. 
Eso X 12.6 X 10 is equal to the micromoles of mercaptide groups pres- 
ent. 


Results 
Iron As Part of Prosthetic Group 


When qualitative analysis indicated the presence of non-hematin iron in a 
highly purified enzyme preparation, iron analyses were carried out at each 
stage of the purification procedure. A typical protocol is shown in Table 
I, Asin previous cases (7, 10), the parallelism of metal content and specific 
activity and the constancy and integral number of the metal per flavin 
mole ratio (equal to 4 in the present case) throughout purification and from 
preparation to preparation provide good presumptive evidence that iron is 
an integral part of the prosthetic group. 

Our best preparations, estimated to have a purity >90 per cent from 
flavin content and specific activity, contain 0.267 + 0.017 weight per cent 
iron as determined in duplicate on three different preparations. Assuming 
4gm. atoms of iron per mole of flavin and 1 flavin per enzyme molecule, 
this corresponds to a molecular weight of 80,000, a value which is in satis- 


*Huennekens, F. M., and Bassford, R., in preparation. 
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factory agreement with other determinations of molecular weight based o 
sedimentation constant and flavin content (4). 

When a sample of Straub’s diaphorase (13) of approximately 70 per cen 
purity was analyzed for iron in the same manner, an iron per flavin ratip 
of 0.67 was found, corresponding to an iron content of the pure enzyme of 
only 0.0445 weight per cent; 7.e., one-sixth that determined for reductag. 
In the case of other diaphorase preparations the iron content was eye 
lower. 

Spectroscopic examination of a reductase preparation with a specific 
activity of 400 confirmed the presence of iron. All other metals observed 


TaBLe I 


Tron Content of Reductase 


After 
alkaline At end of | At endof 
(NH4)2SO« purification | purification 


After acid 


Solution of T + 
Stage of purification* lyophilized (NH4)2SO« 


extract — fractiona- | procedure | proceduret 
tion 
(a) Specific activity, units per mg. 
SVOURN. 55. 60 156 260 300 420 
(b) Fe per mg., mpgm. atom. .. 7.03 18.8 28.0 47.8 48.5 
(c) Flavin per mg., mpm . 6.9 11.7 11.8 
(d) = (b)/(c), gm. atom Fe per 
mole flavin. .. 4.06 4.08 4.11 
(e) = (a)/(b), units per mpgm. 


atom Fe 8.5 8.4 9.2 8.2 8.6 


* The standard purification procedure described by Mahler et al. (4). 
t Separate preparation. 


were found to be present in a concentration at least one order of magnitude 
lower than the iron. 


Réle of Iron in Catalytic Process 


Action of Chelating Agents—Metal-binding agents such as 8-hydroxy- 
quinoline, o-phenanthroline, etc., inhibit the interactions of the enzyme 
with cytochrome c, although the extent of inhibition is somewhat variable, 
depending on the preparation and its degree of purification, and is not as 
great as might have been anticipated a prior: from the metalloflavin nature 
of the prosthetic group. The extent of inhibition with various metal- 
binding agents is shown in Table II. This study shows that (a) the ac- 
cessibility of the metal on the enzyme to the chelating agents is low and 
so is the extent of dissociation of the metal from the enzyme; (b) o-pher- 
anthroline is a more potent inhibitor after preincubation of the enzyme 
with DPNH, presumably because part or all of the iron has been reduced to 
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the ferrous state under these circumstances and in this form is more easily 
attacked by the metal-binding agent; and (c) when dyes are used as elec- 
tron acceptors (diaphorase activity), the extent of inhibition is either much 
lower or is completely abolished. When Straub’s diaphorase is tested in 
the presence of the same inhibitors, the pattern observed is identical with 
that just described for the diaphorase activity of the reductase. 


TaBLe II 
Inhibition by Chelating Agents 


Per cent inhibition of activity 





Inhibitor* aciannetnas Se 
Reductase Diaphorase 

SRSUPORVGUINOMING. .. 2... 2. ccs eee eee ee 50 0 
o-Phenanthroline. .. Peaeaahe seas 20 0 
o-Phenanthrolinef in presence of DPNH... 72 20 
Cyanide...... Re Peet eoaeee, Se eRe ROE 0 | 0 
Benzoylacetone...... Memustergie wena +s 55 | 0 
Thenoyltrifluoroacetone. . e ’ eh 32 
Furoyltrifluoroacetone . es ae 47 | 
Versene-ol.... . ean neat 17 
Versene Fe-3-specific. ... ee en 10 
Versene EDG...... a eA oe 0 
Ree ay Pontoon 10 
Pyrophosphate. . . i. eaacelpard 90 0 
MSs < ko3 500s ne Lee ee 90 0 


* All inhibitors at 1.0 X 10-* om final concentration during incubation added to a 
dilute enzyme solution (50 y of enzyme of specific activity 200 per ml.) in 0.1 mM Diol 
buffer, pH 8.5. The mixture was incubated for 5 minutes at 0°, and then 0.02 ml. 
was tested in the standard assay system. 

t In this experiment the incubation mixture was also 1.0 X 10~-® m with respect 
to DPNH. 


Mode of Action of Pyrophosphate, Citrate, and Phosphate—Pyrophosphate 
and phosphate have been previously shown to be effective inhibitors of the 
enzyme (5). In the present investigation citrate has been added to this 
list. Pyrophosphate and citrate are known to be able to chelate iron, and 
their inhibitory action might be explained on this basis. Phosphate is 
not a chelating agent, but it does form very strong complexes with iron and 
with other metals in aqueous solution. In the scheme advanced previously 
(12) iron is assigned a réle in the transport of electrons from reduced flavin 
toeytochrome c. During this reaction cytochrome c might form a complex 
centered around the iron of the reductase. If the same orbitals of iron are 
actually involved in the binding of pyrophosphate or citrate on the one 
hand and of cytochrome c on the other, inhibition by the former should be 
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competitively released by the latter. That this is indeed the case is demon. 
strated in Fig. 1, A and Fig. 1, B, where Lineweaver-Burk (17) plots o 
reaction rate versus cytochrome c concentration in the presence of varying 
amounts of the appropriate anions are shown. If similar experiments are 
performed with phosphate, the inhibition is non-competitive. 

Absorption Spectrum—The absorption spectrum of the enzyme in the 
oxidized and reduced form for the range from 400 to 500 my has already 
been described (4). Recent experiments with butyryl CoA dehydrogenase 
(10) and fatty acyl CoA dehydrogenase (18) (the latter probably also q 
ferroflavoprotein (19)) have shown that the metalloenzyme may have ap 
absorption band above 500 my. The absorption spectrum was therefor 
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Fre. 1. A, competitive inhibition of cytochrome c reduction by citrate. The 
standard assay system at 25° was employed, with 1 y of enzyme of specific activity 
200 per experiment. The cytochrome c concentration was varied as shown, and the 
different citrate concentrations are indicated on the graph. V = AE550 between li 
and 75 seconds. B, competitive inhibition of cytochrome c reduction by pyro 
phosphate. Conditions as for A. 


reexamined in this range and the spectrum of a concentrated enzyme solt- 
tion is presented in Fig. 2, A and Fig. 2, B. The appearance of a broad 
band between 530 and 570 my’ in the spectrum of the enzyme reduced by 
DPNH, and the changes in this band when the spectrum of an enzyme rt 
duced by DPNH is compared to one reduced by dithionate, are striking 
It is not too unreasonable to assign this band to the ferroprotein comples, 
especially since no such band is present in the spectrum of Straub diapho- 
rase reduced by DPNH. 


3 The contribution to this absorption by a possible hematin impurity can be calev- 
lated as follows: E415 and E43; in the oxidized and reduced form provide the basi 
for a calculation of the relative amounts of flavoprotein and hematin. Most hems- 
toproteins have a constant E415:E550 ratio. Thus, by knowing the hematin contt- 
bution at the Soret peak of 415 mu, the contribution at 550 mp can be determined 
It amounts to 20 per cent or less of the observed total. 
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Dissociation of Metal—When preparations of the enzyme are exposed to 
acid in the presence of ammonium sulfate, GSH, and EDTA, varying 
amounts of flavin are split off, part of the protein is denatured, and the 
activity of the reprecipitated preparation is decreased accordingly. At the 
same time the iron content of the enzyme is lowered, occasionally to very 
minute amounts. Some typical experiments are presented in Table III. 
As can be seen, a lowering of the iron content invariably raises the dia- 
phorase-reductase activity ratio. In some cases this ratio can be restored 
to the original value by incubation of the enzyme with Fe+++ but not Fet+ 
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Fic. 2. A, absorption spectrum of reductase. The enzyme concentration was 
10mg. perml. The curve marked ‘‘reduced with DPNH”’ was obtained by the addi- 
tion of 2 mg. of DPNH to the enzyme, while that marked ‘‘reduced with Na2S.0,’’ 
was obtained by the addition of 2 mg. of this reagent. Experimental points (not 
shown) were taken at intervals of 5 mp. B, difference spectrum of reductase. The 
spectra shown were obtained by subtraction of the values for the ‘‘oxidized’”’ and the 
two “reduced”’ spectra of Fig. 2, A. 


(Experiment 2b). Iron can also be split off by dialysis of the enzyme versus 
8-hydroxyquinoline or other chelating agents. 

Valence States of Iron—The distribution of iron between the Fe++ and 
Fe++ states varies from preparation to preparation (12) (see Table IV). 
In most cases, however, half or more of the total iron is in the divalent 
state. Invariably incubation of the enzyme with a 10-fold excess of DPNH 
either added directly or generated by the interaction of DPNt, alcohol, 
and alcohol dehydrogenase) is sufficient to reduce all the enzyme-bound 
iron to the divalent form. Preincubation with cytochrome c even in large 
excess does not raise the number of Fe** ions oxidized to Fe+*+ above 2 per 
molecule (50 per cent of the total). 

Additional Functions of Iron—Although the experiments presented so far 
are consistent with a rédle of the metal postulated previously (10, 12) and 
discussed below in greater detail, no statement concerning the possible 
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TABLE III 


Dissociation of Iron from Reductase 


Experi- ee Specific activity as Diaphorae 
ment Conditions Fe content ra 4 
No. oe) Reductase 
Reductase Diaphorase activity 
mugm. atom | units per units per 4 
per mg. meg. mg. 
1 Preparation A 21 13.5 23.4 0.58 
la Pptd. twice at pH 3.5 1.2 0.73 1.54 2.12 
Ib “* at pH 3.0 10.1 3.8 3.1 0.82 
le a ).1 0.20 1.84 9.4 
ld is «« « 2.5 in presence of cit- 3.0 3.53 0.85 
ric acid 
2 Preparation B 257 125 0.49 
2a Pptd. at pH 3.2 85 100 1.18 
2b Same + 2 X 10° m FeCl; 248 100 0.41 
3 Preparation C 12.6 138 69 0.50 
3a Dialyzed vs. 8-hydroxyquinoline 1 1.8 36 65 1.80 
hr. | 
3b | Same, 12 hrs. 20 50 2.50 
1 Preparation D 260 
da Incubated with o-phenanthroline 133 
4b | Same + 5 X 10-5 FeCl; 198 


fe “« + 5X 10-5 “ FeCl, 50 

All experiments were carried out at 2°; in addition the following conditions wer 
observed. Experiment 1a to c, 10 mg. of enzyme, 0.1 um of EDTA, and 0.1 uM of GSH 
in 0.6 ml. To the solution were added 700 mg. of solid (NH4)2SQ4, and then drop- 
wise, with vigorous stirring, enough of a solution of 0.01 m H.SO,, containing II 
gm. of (NH,4)2SO, per 100 ml., to lower the pH to the value shown. After centri- 
fugation the precipitate was dissolved in 0.5 ml. of 0.2 m KHCO; and assayed. Ez 
periment 1d, 10 mg. of enzyme, 0.1 um of EDTA, and 0.1 um of GSH dissolved in0i 
ml. Tothis mixture were added 0.6 ml. of H:O and 0.75 ml. of neutral, saturated 
(NH,).SO, solution. The pH was lowered to 4.0 by means of citric acid and then 
to 2.5 with 0.1 n H.SO,. The mixture was allowed to stand at that pH for 15 min- 
utes and was then treated as above. Experiment 2a, similar to Experiment la. Erz- 
periment 2b, 0.1 ml. of the enzyme prepared in Experiment 2a and 0.02 ml. of 10*y 
FeCl; were incubated at 0° for 10 minutes. 0.76 y of this preparation was then 
assayed. Experiment 8, the preparations were dialyzed for the time indicated 
against a solution, 0.01 mM in 8-hydroxyquinoline and 0.02 m in Tris buffer of pH 81 
At the end of the period shown they were transferred to 0.02 m KHCO; and dialyzed 
for the same period. Experiment 4, 5 mg. of enzyme were incubated with 0.05 ml 
of 0.33 m Diol buffer of pH 8.5, 0.10 ml. of a 0.1 per cent solution of DPNH, ani 
0.02 ml. of 0.5 per cent o-phenanthroline in a total volume of 0.4 ml. for 30 minutes 
at 0°. Then 0.05 ml. aliquots of the preparation, 0.05 ml. of Diol buffer, and 0.0 
ml. of 0.001 M iron salt, as indicated, were incubated for 10 minutes. Each aliquot 
was diluted 50-fold with 0.001 m EDTA, and 0.02 ml. of each of these diluted prepi- 
rations was assayed in the cytochrome c system. 
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linkage of iron to the protein, on one hand, and the flavin nucleotide, on 
the other, can as yet be made. Direct iron to flavin binding appears likely, 
but no direct experimental proof is at hand. It seemed therefore of im- 
portance to establish whether flavin nucleotides are capable of binding iron, 
and whether such iron-flavin nucleotide complexes could be bound by 
certain proteins. The first appeared to be a foregone conclusion in the 


TaBLe IV 


Valence States of Iron in Reductase 


Per cent Fe as 


Prepara- | Purity* | Iron content Additions —s 
tion No. | 
Fe** iad 
€ y per mg. 
e 0.37 1.0 None 0.0 100 
0.1 uw DPNH 92 8.0 
D 0.58 | 1.56 None 88 12 
0.1 uw DPNH 100 0.0 
200 y cytochrome c 44 56 
1000 y cytochrome c 48 52 
0.1 um p-chloromercuribenzoate 0.0 100 
D 0.98 2.67 None 60 40 
0.1 uw DPNH 100 0.0 
1000 7 cytochrome c 48 52 
0.02 um p-chloromercuribenzoate 0.0 100 
Same + DPNH 0.0 100 
‘* + eytochrome c 0.0 100 
E 1.0 2.70 None 85 15 


All determinations were made on 1.0 ml. of sample containing approximately 5 
mg. of protein plus the additions at zero time. After 5 minutes at 0°, the samples 
were deproteinized and the iron was determined as described. The distribution of 
the two valence states refers to the situation in the deproteinized mixture. 

* A specific activity of 420 is equivalent to the pure enzyme (purity 1.00). 





light of Albert’s experimental demonstration of a strong interaction between 
riboflavin and iron (20). The second question appeared to have been 
answered in the affirmative, at least by implication, by Bain and Deutsch 
on the basis of their experiments showing an association of flavin with con- 
albumin (21) during the early stages of purification and the identification 
of the pure protein as an iron-containing entity, with 2 gm. atom of iron 
per mole of protein, but almost completely free of flavin. 

Preliminary experiments showed on the basis of titration data and 
changes in absorption spectra that FMN and FAD were even stronger 


‘Private communication from Dr. H. F. Deutsch. 
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iron-chelating agents than is riboflavin,’ and that such complexes could be 
bound by proteins capable of binding iron. The protein chosen for the 
experiments was the iron-binding globulin of human plasma which has 
been thoroughly characterized by Surgenor et al. (14). In the experiments 
reported on Fig. 3 the protein was incubated with ferrous ammonium sgi- 
fate and FMN or FAD in the concentrations and under the other cop. 
ditions indicated. At the end of the incubation period the complex was 
precipitated with 70 per cent saturated ammonium sulfate at pH 8.0, cer- 
trifuged, redissolved in buffer, and the precipitation with ammonium si- 
fate repeated twice more. At the end of this procedure, the supernatant 
fluid was usually colorless, but, if not, the precipitated complex was washed 
repeatedly with 70 per cent saturated ammonium sulfate and centrifuged 
until no flavin was detectable in the supernatant solution. 

Spectra of a typical complex are shown in Fig. 3, A. It can be seen that 
the ferroflavoprotein complex differs from the ferroprotein itself, and it is 
of course distinguishable from FMN by insolubility in 70 per cent saturated 
ammonium sulfate. Different complexes with different spectral chara. 
teristics can be formed, depending on the concentrations of the reactants, 
the duration and temperature of the incubation period, etc. The three 
complexes shown in Fig. 3, B, all contain 8.5  10~ m protein; iron ata 
level of 1.62 & 10-* min Curve A, 1.62 X 10-‘ Mm in Curve B, and 1.68 x 
10-* m in Curve C as determined by the spectrophotometric method of 
Surgenor, and 0.60 X 10-' mw FMN in Curve B, 0.62 K 10-° m FAD in Curve 
C, and 3.4 X 10-°m FMN in Curve A determined spectrophotometrically 
by difference. In the case of the complex ‘“‘A”’, these values were checked 
by dissociating the complex at pH 4.0, followed by direct measurement of 
iron and FMN in appropriate aliquots. 

The ferroflavoprotein complexes described have several features in com- 
mon with a ferroflavoprotein enzyme such as reductase: they are dissociable 
into iron, flavin, and protein at low pH values; they show the absorption 
spectra of flavoproteins; these spectra are completely reducible by dithi- 
onate or borohydride; the metal is bound very tightly at pH 7.0, but can 
be removed by dialysis against agents forming complexes. They differ 
from reductase in that removal of the iron from the protein invariably leads 
to the simultaneous removal of the flavin nucleotide and in certain particu- 
lars of the absorption spectra. From the foregoing it can be concluded 
that the iron in reductase may be instrumental in binding the flavin pros 


5 Mahler, H. R., in preparation. 

6 While this manuscript was in preparation, the interesting experiments of Klots 
and Ming (25) came to our attention. It was shown there that proteins incapable 
of binding dyes could be made to form such compounds by means of metal ions, thus 
forming protein-metal-dye complexes. 
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thetic group to the enzyme, but that at least a second point of attachment 
must exist as well, possibly through the phosphate group (or groups) of the 
nucleotide. 
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Fic. 3. A, spectrum of iron-FMN-protein complex. The material was prepared 
by incubating in a total volume of 2.50 ml. 20 mg. of iron-binding globulin, 0.5 um of 
ferrous ammonium sulfate, 100 um of Tris buffer of pH 8.0, and 0.6 um of FMN for 18 
hours at 0°. At the end of this period, the mixture was precipitated twice with 70 
percent (NH,)2SO, at pH 8.0 and then washed three times with saturated (NH,4)2SOx. 
Asolution of the protein was then prepared containing 10 mg. per ml. This was 
read against a blank containing 10 mg. per ml. of globulin. This constitutes Curve 
1. The protein for Curve 2 was prepared in a similar fashion, but the FMN was 
omitted from the incubation mixture. B, spectra of various flavin nucleotide-iron- 
protein complexes. The incubation mixtures were prepared as follows: For Curve 
A, 20 mg. of iron-binding globulin, 5 X 10-* um of FMN, 0.5 uM of ferrous ammonium 
sulfate, and 10 um of Tris buffer of pH 7.5, in a total volume of 1.0 ml. The mixture 
was incubated for 15 minutes at 22° and then treated as described in the legend to 
Fig. 3, A, except that three ammonium sulfate precipitations were used. For Curve 
B, 10 mg. of iron-binding globulin, 5 X 10-* um of FMN, 0.5 uo of ferrous ammonium 
sulfate, and 10 um of Tris buffer of pH 7.5 in a total volume of 1.0 ml. were incubated 
at 0° for 50 hours and then treated as above. For Curve C, the conditions were simi- 
lar to those of Curve B, but 5 X 107? um of FAD was used as the flavin component. 
Curve D, similar to Curve B or Curve C, but no flavin was added. 


Possible Implication of Sulfhydryl Groups 


Presence of Free Sulfhydryl Growps—Previous investigations had _indi- 
cated that sulfhydryl groups might be implicated in the catalytic activity 
of the enzyme (5). It therefore appeared of interest to establish the pres- 
ence and the concentration of free sulfhydryl groups in the enzyme. The 
three methods used for titration of these groups (nitroprusside reaction 
(22), reduction of indophenol,? and reduction of cytochrome ce) all indi- 
cated the presence of one sulfhydryl function per molecule of enzyme-bound 
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flavin. If the enzyme is treated first with p-chloromercuribenzoate and 
then analyzed for sulfhydryl groups, the value drops from 1 to 0. 

Nature of p-Chloromercuribenzoate Inhibition—The strongest previous 
indication of a possible réle of mercapto groups in the enzyme came from 
the inhibitory effects of p-chloromercuribenzoate on enzymatic activity, 
This inhibitor decreases the activity of the enzyme in all assay systems by 
50 per cent at a final concentration of 4 X 10-7 m and completely inhibits 
at 5 X 107° M. 

The enzyme thus inhibited cannot be reactivated by incubation with an 
excess of GSH or cysteine, nor does preincubation with either DPNH or 
cytochrome c protect the enzyme from the effect of the inhibitor. The 
last observation especially is of significance. The one free sulfhydryl group 
present per enzyme molecule can be completely oxidized by cytochrome ¢, 
and yet the mercurial is still completely effective. Thus the locus of the 
inhibitory action must be in a place other than the free and readily avyail- 
able —SH groups of the enzyme. It could be on other less readily acces- 
sible mercapto groups, or it may be on a different group entirely. 

Some hint concerning this last possibility may be derived from a study 
of the effects of p-chloromercuribenzoate on properties of the enzyme other 
than its catalytic activity. As is shown in Table IV, the mercurial has a 
very pronounced effect on the distribution of iron between its two valency 
states. Secondly, the inhibitor when incubated with the enzyme changes 
the absorption spectrum of the latter. The effect is most pronounced in 
the region from 400 to 550 my. The appearance of the spectrum of the 
treated enzyme is similar to that of an enzyme which has been reduced to 
the extent of 30 to 40 per cent by either a chemical reducing agent or 
DPNH. The inhibitor does not reduce the enzyme to its dihydroflavin 
form, as shown by the fact that the apparently “‘reduced”’ enzyme is not 
able to reduce stoichiometric amounts of either cytochrome c or indophenol. 

Additional evidence that the p-chloromercuribenzoate inhibition is ex- 
erted at a site other than a sensitive sulfhydryl group comes from the 
observation that cytochrome reductase is not at all inhibited by certain 
quinones, such as 2-methyl-5 ,8-hydroxy-1 ,4-naphthoquinone, which have 
been shown to be excellent —-SH inhibitors (23). 

DISCUSSION 

In the light of the evidence presented here it may be permissible to pic- 
ture part of the active site for electron transfer in the enzyme as shown in 
Scheme 1. The flavin group is represented in the reduced form. The 
iron is shown with 6 coordination valencies as follows: 2 bonds (marked a) 


chelated to flavin (19), 2 bonds (marked b) linked to protein, and 2 bonds 
(marked c) chelated with cytochrome c. Pyrophosphate and citrate can 
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substitute for cytochrome c in forming bonds of type c. In the absence of 
acceptor, these bonds are probably linked to HO molecules or OH™ ions 
(compare the alkaline pH optimum of the enzyme acting as a reductase 
with the pH optimum nearer neutrality when the enzyme is active as dia- 
phorase (5)). 

The flavin prosthetic group is held to the protein also by ionic bonds at 
dand possibly by an additional covalent linkage at e (24). The artificial 
metalloflavoprotein prepared from the iron-binding globulin as described 
in the text holds the iron-flavin nucleotide complex by bonds of type b 
exclusively, but does not form bonds of types d and e. 





> 


SS ENZYME 











Scueme 1. Active enzyme site for cytochrome c reduction. The flavin, shown 
here as substituted riboflavin pyrophosphate, is in the reduced form. The explana- 
tion for the five different bond types (a to e) is given in the text. 


Since only 1 iron atom is involved in the proposed scheme, it is tempting 
to speculate that additional metal atoms may be involved in the formation 
of bonds d and e. On acidification bonds b and a are broken and dissocia- 
tion of the iron takes place, transforming the enzyme into a functional 
diaphorase. Similarly the mode of action of metal-binding agents may 
involve either the substitution of these compounds for the protein in form- 
ing bonds of type b or actual dissociation of the iron. The formulation 
indicated in Scheme 1 is consistent with weaker binding by the reduced 
enzyme than by the oxidized form (compare the effect of DPNH on inhibi- 
tion by o-phenanthroline). 

It may be that during the process of isolation of Straub’s diaphorase not 
only bonds a and b are broken, but bond e is modified or eliminated as well, 
thus giving an enzyme different from reductase not only in structure and 
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functions but in appearance as well, 7.e. fluorescence and absorption spec. 
trum. 

The function of the iron is then to provide a structural link between flavin 
nucleotide and enzyme protein and between flavoprotein enzyme and cy- 
tochrome c. Functionally this is expressed by the ability of the metal to 
catalyze the flow of electrons from reduced flavin nucleotide to a cyto- 
chrome. If this flow is interfered with by removal of the metal or by block. 
ing its binding orbitals, then the enzyme is capable of interaction only with 
small non-specific electron acceptors such as dyes but no longer with 
cytochrome c. In more precise terms, the réle of the metal is to provide 
for II-electron interaction between the prosthetic group, substrate or prod- 
uct, and enzyme protein. 

The various electronic interactions mediated by the enzyme, together 
with the action of some inhibitors which interfere with two of these trans- 
fers, may be represented in the accompanying diagram. 











p-Chloromercuribenzoate chelating agents 
{ ! 
2ie~ le- ie 
DPNH ——? Gavin 4———9 Fy"? ;—— cytochrome c (Fe***) 
enzyme 
2e- 
dyes 
SUMMARY 


DPNH cytochrome reductase has been shown to be a ferroflavoprotein 
containing 0.267 per cent iron by weight. This corresponds to 4 atoms of 
iron per enzyme molecule of molecular weight 80,000. 

The metal may be removed by treatment with acid or with metal-bind- 
ing agents. Iron-free preparations of this sort lose their reductase activity, 
but retain most of their diaphorase activity. The former may be partially 
restored by treatment of an iron-depleted enzyme with Fe+*+ but not with 
Fer. 

The metal has been demonstrated to be involved in the transfer of elec- 
trons from reduced flavin to cytochrome c. This process may involve 
chelation of the cytochrome c molecule with the iron of the reductase. 
This contention is borne out by the fact that inhibition of the enzyme by 
citrate or pyrophosphate is reversible by cytochrome c. Iron may also be 
concerned in the linking of the flavin prosthetic group to the protein moiety 
of the molecule. 


We wish to thank Dr. David E. Green for many stimulating discussions. 
Oscar Mayer and Company kindly provided the pork heart tissue used in 
this investigation. 
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C'-CHOLESTEROL 


VI. BILIARY END-PRODUCTS OF CHOLESTEROL 
METABOLISM* 


By M. D. SIPERSTEIN, FRANKLIN M. HAROLD, I. L. CHAIKOFF, anp 
W. G. DAUBEN 


(From the Department of Physiology, School of Medicine, and the Department of 
Chemistry, University of California, Berkeley, California) 


(Received for publication, November 23, 1953) 


Previous studies have shown that the principal end-products of C™- 
cholesterol metabolism in bile and feces are bile acids (1,2). Thus, follow- 
ing the injection of cholesterol-4-C" into rats, as much as 90 per cent of 
the C“ can be recovered in the bile (3), and, of this, up to 90 per cent is 
present as bile acids (1). Two of the bile acids have been identified by 
Bergstrém as taurocholic and taurochenodesoxycholic acids (2, 4). 

In the present study, C'-labeled lithocholic acid has been identified as 
a third bile acid derived from the metabolism of cholesterol-4-C“. The 
three bile acids in bile of rats that had received cholesterol-4-C“ were 
studied. The time of appearance of isotope in these acids was determined 
with the aid of filter paper chromatography. A possible scheme of their 
metabolic interrelations is presented, based on the sequence of appearance 
of isotopic bile acids. Evidence also presented here shows that no other 
bile acids are formed in the course of the enterohepatic circulation of bile 
acids, 


EXPERIMENTAL 


Radioactive Cholesterol—Cholesterol-4-C' was prepared by a method de- 
scribed previously (5). Since C'*-labeled cholesterol undergoes decompo- 
sition on standing (6), it was purified immediately before use by the follow- 
ing method. The digitonide of the labeled cholesterol was first prepared 
and then split with pyridine and ether as described by Schoenheimer and 
Dam (7), and the digitonin was removed by centrifugation. The choles- 
terol obtained by evaporating the pyridine-ether mixture was dissolved in 
petroleum ether and applied to an alumina column. The column was 
washed first with petroleum ether and then with a 9:1 mixture of petro- 
leum ether and ethyl ether. The cholesterol was eluted with a 4:1 mixture 
of petroleum ether and ethyl ether, and the chromatography repeated once 

* This investigation was supported by a research grant from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service. 
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more. Purity of the isolated cholesterol was established by infra-red anal. 
ysis and paper chromatography as described by Kritchevsky and Kirk (8), 

Treatment of Animals—Male rats of the Long-Evans strain, weighing 
250 to 300 gm., were lightly anesthetized with ether, and bile cannulas 
were inserted into their common bile ducts as previously described (3), 
1 to 3 mg. of labeled cholesterol emulsified in saline with Tween 20 were 
then injected into their tail veins. The rats were placed in restraining 
cages and given free access to food and water, and bile was collected at 
intervals up to 6 days. 

Chromatographic Analysis of Bile—The bile samples were promptly fro- 
zen and stored until used. The bile was analyzed for bile acids with the 
aid of filter paper chromatography. The method used here was a slight 
modification of that described by Taurog, Tong, and Chaikoff in their 
thyroid studies (9). 

Ascending chromatography was employed, 10 X 37 cm. Whatman No, 
1 filter paper being used. A mixture of 35 parts of water and 100 parts 
of collidine was the developing solvent, and the process was carried out in 
an ammonia atmosphere. 100 to 200 ul. of whole bile were applied to the 
paper in a thin horizontal line approximately 9 cm. long and 6 cm. from 
the bottom of the paper. Placing the samples at this distance produced 
the most satisfactory chromatograms. After the solvent was allowed to 
ascend for 16 to 24 hours, the chromatograms were dried and stapled on 
x-ray films. After a period of 2 weeks to 3 months, the films (radioauto- 
graphs) were developed. The bile acids were now visualized by spraying 
the filter paper chromatograms with a 50 per cent solution of antimony 
trichloride in glacial acetic acid and drying them at 90—96° for 3 to 5 min- 
utes to bring out the color.!. The colors for bile acids thus produced varied 
widely and were readily outlined in most instances. 


Results 


Chromatographic Behavior of Pure Bile Acids—This was established by 
applying approximately 0.5 mg. of the bile acid to a filter paper strip 
(Table I). In general, the conjugated bile acids moved somewhat faster 
than the free acids, this effect being more pronounced for the taurine conju- 
gates than for the glycine conjugates. Thus glycocholic and cholic acids 
could not be separated readily, but taurocholic acid moved appreciably 
faster than did the other two. The number of hydroxyl groups also 
influenced the rate of movement. The relative rates were monohydroxy 
> dihydroxy > trihydroxy. 

1 Compounds other than steroids yield colors with antimony trichloride. Since 


antimony trichloride injured the emulsion of the x-ray films, the chromatograms were 
sprayed after the radioautographs had been prepared. 
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Identification of Some Bile Acid End-Products of Cholesterol-4-C Metab- 
olism—A diagram of a typical chromatogram of rat bile (Fig. 1, A) shows 
that four bands are usually brought out by spraying with antimony tri- 


TABLE I 
Characterization of Pure Bile Acids by Ascending Paper Chromatography in 
Collidine-Water 





Bile acid Rr Color obtained with SbCl; 
‘ 0 7 . | € ' 
Lithocholic aes 0.83 Rose 
Taurolithocholic. ; Pee aes 0.83 - 
Desoxycholic He 0.75 Purple 
Chenodesoxycholic................ pac ra 0.71 o 
Taurochenodesoxycholic tyne er ; .| 0.82 | 6s 
Cholic. . wie 0.57 Deep rose 
Taurocholic eee 0.73 | " - 
Glycocholic . 0.60 “ “ 
7-Keto-3, 12-dihydroxycholanic | 0.59 Yellow 
Dehydrocholic. 0.95 Faint yellow 
TYPICAL RAT BILE | RADIOAUTOGRAPHS OF RAT | RADIOAUTOGRAPHS 
CHROMATOGRAM | BILE SAMPLES OBTAINED OF BILE OBTAINED 
SPRAYED WITH | AFTER INJECTION OF S5OHRS. AFTER 
Sb Cis CHOLESTEROL-4-c'* | INJECTION OF 
COMPOUND F IN EXPT. | CHOLESTEROL-4- | 
| c!4 IN EXPT. 2 
i ~~ —— | | HOURS AFTER INJECTION | | 
| 1-4 | 7-14 [14-23 |23-46]46-58| 
| CHOLESTEROL, ETC FRONT _ —|—|-—|—|— se 
| TAUROCHENODESOXYCHOLIC ACID | 082 |" — _-|—|—|— | — _— 
TAUROCHOLIC ACID 73>" _— ——_— |_| —_— — 
| COMPOUND Y 059 | —|—|— 
| UNIDENTIFIED 039.7 — 
| 
ORIGIN | | 
| — | 
a = A [Bi[ci[oje[Fl Cc 


Fic. 1. Diagrammatic representation of chromatograms and radioautographs of 
rat bile. For an explanation, see the text. 


chloride. The lowest (i.e. nearest the origin) has a rose color and an Ry of 
about 0.39. At no time in the experiments described below was radioac- 
tivity found in this band. This, in addition to the band’s slow rate of 
movement on the filter paper, leads us to believe that it may not represent 
a bile acid. 

The neat visible band is located at Ry 0.73 and is deep rose in color. 
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This position corresponds with that taken by a sample of pure taurocholic 
acid (Table I). In order to identify this band, the following experiments 
were carried out. 

A rat was injected with cholesterol-4-C™ and a large bile sample was 
collected at late intervals (see below); namely, 48 hours or longer after the 
injection. Pure taurocholic acid was added to an aliquot of the bile. The 
mixture was chromatographed, and a radioautograph was prepared from 
the chromatogram. A single radioactive band was found at Ry 0.73, and 
this corresponded exactly with the single color band obtained by spraying 
the chromatogram with antimony trichloride. 

The bulk of the sample was chromatographed without addition of car. 
rier. A radioautograph was prepared, and the band corresponding to the 
radioactive spot at Rr 0.73 was cut out and eluted with methanol. The 
solvent was evaporated, and the residue was dissolved in a small volume 
of methanol and used for further identification studies as follows: (a) An 
aliquot of the methanol extract was chromatographed as described above 
and a radioautograph was prepared. This showed two bands, a major one 
at Ry 0.73 and a minor one at the front. The latter is presumably due to 
partial oxidation of the compound on the paper. (b) Another aliquot was 
chromatographed together with authentic taurocholic acid, and a radio- 
autograph was prepared. After visualization with SbCl;, the radioactive 
band was seen to coincide exactly with the colored band of taurocholic 
acid at Ry 0.73. (c) A third aliquot was hydrolyzed with 2 Nn NaOH and 
acidified, and the free bile acids were extracted with ether. The ether 
extract was chromatographed together with cholic acid, and a radioauto- 
graph was prepared. Two C™ bands were again found, a minor one at the 
front and a major one coinciding exactly with the color band of cholic acid 
seen after spraying. (d) A fourth aliquot was hydrolyzed in the presence 
of carrier cholic acid. The mixture was acidified and the precipitated 
cholic acid was filtered off and recrystallized to constant specific activity 
from two solvents, ethyl acetate and aqueous ethanol (Table II). 

From the results obtained in (a) to (d), it is clear that the band at Ry 
0.73 is taurocholic acid. 

The third band has a faint purple color and an Rp, of 0.82. This band 
was identified as the taurine conjugate of chenodesoxycholic acid, pre- 
viously reported by Bergstrém and Norman (4) to occur in rat bile. The 
identification was carried out as described in (a) to (d) above, except that 
the samples of bile were obtained at the early intervals (see below) after 
the administration of the cholesterol-4-C“. An aliquot was chromato- 
graphed together with a sample of authentic taurochenodesoxycholic acid, 
prepared by the method of Bergstrém and Norman (10). A radioauto- 
graph was prepared and compared with the colored bands on the chroma- 
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colic | togram. The single C band seen coincided exactly with the band of 
ents | taurochenodesoxycholic acid at about Rr 0.82. 

The bulk of the bile sample was used for isolation of taurochenodesoxy- 
was } cholic acid, which was carried out exactly as described above for taurocholic 
the § acid. The eluate from the chromatogram was used for further identifica- 
The § tion as follows. (1) An aliquot was chromatographed as described, and a 
rom | radioautograph was prepared. Only a single C* band was observed, with 
and § an Rr of 0.82. Although this suggests that no oxidation took place on the 
ying | paper, the presence of small amounts of oxidation products is, of course, 
not ruled out. (2) Another aliquot was chromatographed together with a 


the TaBLeE II 


The Identification of Product Obtained by Hydrolysis of Compound at Ry 0.73 As Cholic 
Acid by Isotope Dilution 

















ime a = scion Ec ram 
An Cu ° 
ove tail 
one Sample Treatment |Recovered | Total | Specific 
cpm. | ine cholic 

e to | | | ecid 
was  _—e = a a a a ae 
dio | 7 el 
; 30,000 c.p.m. eluted from | Recrystallized once from | 24.4 | 8120 | 333 
tive chromatogram at Rr 0.73 ethanol-water and 4 | | 
lic and hydrolyzed in pres- times from ethyl acetate 
and ence of 50 mg. carrier | 
ato- Recrystallized once more | 11.5 4160 | 362 

| from ethyl acetate 
the “ “ | 8.0 | 2720 | 340 
CE a a 
nce 


ted | sample of taurochenodesoxycholic acid, and a radioautograph was pre- 
vity | pared. The single C“ band coincided exactly with the colored band 
‘| corresponding to taurochenodesoxycholic acid. (3) A third aliquot was 
-R, | hydrolyzed as described in (c) above, and chromatographed with chenodes- 
oxycholic acid. This time, two Ct bands were observed on the radioauto- 
and | gph, coinciding with two visible bands on the chromatogram. One, at 
pre- Ry 0.71, corresponds to chenodesoxycholic acid. The other, at Rr 0.52, 
The | May be due to a breakdown product of chenodesoxycholic acid on treat- 
that | ment with alkali, but other explanations are not ruled out. (4) A fourth 
fter | #liquot was hydrolyzed in alkali as described above, in the presence of car- 


ato- | ter chenodesoxycholic acid. After hydrolysis, the mixture was acidified, 
cid, and the precipitated chenodesoxycholic acid was recrystallized to con- 
uto- | Stant specific activity from aqueous ethanol and petroleum ether-ethyl 


ma- | %etate (Table IIT). 
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From the accumulated evidence it is clear that the band at Rr 0.82 cop. 
sists primarily of taurochenodesoxycholic acid. However, our findings do 
not exclude the possibility that small amounts of other compounds contrib. 
uted to this band. Indeed, the observation that taurolithocholic acid ap- 
pears at Rr 0.83 (Table I) led us to investigate whether lithocholic acid was 
also a product of cholesterol metabolism. An early bile sample from a rat 
injected with cholesterol-4-C was hydrolyzed with 2 N alkali, as already 
described, after the addition of carrier lithocholic acid. Several recrystal- 
lizations were then carried out from two solvents, aqueous methanol and 


TaBLeE III 


Identification of Product Obtained by Hydrolysis of Compound at Rp 0.82 
As Chenodesoxycholic Acid by Isotope Dilution 


| | | Cu 
| | 
| } Specific 
Sample Treatment Recovered | activity, 
| Total | c.p.m. per 
c.p.m. | mg. cheno 
desoxycholic 
acid 
meg. 
22,500 c.p.m. eluted from | Recrystallized once from 7.0 3000 430 
chromatogram at Rp 0.82 ethanol-water and 4 
and hydrolyzed in pres- times from ethyl ace- 
ence of 35 mg. chenodes- tate-petroleum ether 
oxycholie acid | 
Recrystallized once more 2.5 1150 460 
from ethyl acetate-pe- 
troleum ether 
23 ig 2.0 900 450 


aqueous ethanol. The results (Table IV) indicate that lithocholic acid is 
a minor constituent of rat bile and is derived from cholesterol. 

Fourth Band—Just at or behind the solvent front lies a lavender band 
(Ry 0.98) corresponding to the color and position of cholesterol. 

Sequence of Elimination of Products of Metabolism of C'*-Cholesterol in 
Rat Bile—Two experiments were conducted. In Experiment 1, choles 
terol-4-C™ was injected into several rats immediately after they were pro- 
vided with bile cannulas. In these rats the labeled bile acids drain away 
as soon as they are formed without undergoing enterohepatic circulation 
(11). In Experiment 2, bile cannulas were inserted into the rats 50 hours 
after the injection of the labeled cholesterol. Since, in these rats, the 
labeled bile acids excreted were reabsorbed, Experiment 2 permitted us to 
study the effect of their recirculation on the appearance of the label in the 
various bile acids. 
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Experiment 1. Injection of Cholesterol-4-C* into Rats Already Provided 
with Bile Cannulas—Three distinct radioactive bands are visible in the 
radioautograph of the bile sample obtained during the first 4 hours after the 
injection of cholesterol-4-C™ (Fig. 1, B). The C" band at the front corre- 
sponds to cholesterol, and the second band to taurochenodesoxycholic acid 
plus lithocholic (or taurolithocholic) acid. The third band at Ry 0.59 did 
not correspond to any visible band on the chromatogram; it was not 
identified, and is designated Compound Y. Occasionally chromatograms 
were obtained in which Compound Y was absent. It should be noted 




















TABLE IV 
Identification of Lithocholic Acid in Hydrolyzed Rat Bile by Isotope Dilution 
Experiment 1. C™ Experiment 2. C™ 
a oy . 
Treatment : 28 2 | 
Sample 2 3 25 Sample : | 8 | 
a i a 
218] 32 Cay 
3/2! 8s | E SE- 
o Re | | oils 
Be le | an | & | A | 
— " om; ee eal ee Pao oT eg eee ee 
Recrystallized 1 ml. early bile | 42 | 0.9 ml. early bile | | 92 
twice from meth-| sample ; sample | | 
anol-water (32,800 ¢.p.m.) | (212,000 | 
Recrystallized once} + 150 mg. } | 11 | e.p.m.) + 150 | | | 32 
° ° | | . 
morefrommeth- | carrier litho- | | mg. carrier | 
anol-water cholic acid | | | lithocholic 
- ” 11 acid | | 31 
” ” 11690/5.2) 11 | '4540|2.1) 31 
| | | \ ! 


that during these 4 hours there was no radioactivity in taurocholic acid. 
Activity was, however, found in taurochenodesoxycholic acid and at the 
front as early as 1 hour after the injection of C'*-cholesterol. 

The radioautograph of the bile collected during the next 3 hours is iden- 
tical with that shown in Fig. 1, B. The third radioautograph (Fig. 1, C) 
represents a bile sample collected between 7 and 14 hours. Here for the 
first time a faint but definite fourth radioactive band is seen, corresponding 
totaurocholic acid. During the next 9 hours (Fig. 1, D), taurochenodesoxy- 
cholic acid and Compound Y faded in intensity, leaving most of the radio- 
activity in taurocholic acid. After 23 hours (Fig. 1, Z) no activity was ob- 
served in Compound Y, and only a very small amount in taurochenodes- 
oxycholic acid. In fact, it was found that from the 23rd hour until the end 
of the study, with the exception of small amounts of activity in cholesterol 
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and taurochenodesoxycholic acid, practically all of the C™ was present a 
taurocholic acid (see, for example, 46 to 58 hours, Fig. 1, F). 

The actual amounts of C™ present in the radioactive bands at various 
time intervals were determined as follows. Samples of bile were chromg. 
tographed, and radioautographs were prepared as described above. The 


TABLE V 
Experiment 1. Distribution of Radioactivity in Sections of Chromatograms of Bik 
Collected at Various Intervals Following Injection of Cholesterol- 4-( cu 











Per cent total C™ on chromatogram recovered in 











Time | i: 

| Origin Compound Y | Taurocholic acid er - "a | Front oo 

hrs. | | } “aa 
0-2 9.8 | Re 10.0f 50.6 18.4 
2-4 |} 54 | 12.6 13.7¢ 56.4 12.0 
4-7 | 4.4 6.3 9.3 60.0 19.8 
7-12 6.2 8.8 21.5 54.5 9.0 
22-35 3.5 | 5.7 72.5 12.4 5.7 
35-45 | 3.0 8.4 | 70.0 10.5 8.3 


* Lithocholic (or taurolithocholie) acid is a minor » constituent of this band. 

+ At these intervals radioactive bands corresponding to taurocholic acid were not 
visible on the radioautographs. The radioactivity found here is attributed to 
streaking of the C'*-taurochenodesoxycholic acid. 


TaBLe VI 


Experiment 2. Filter Paper Chromatography of Whole Rat Bile Obtained 
by Cannulation 50 Hours after Injection of Choleste rol-4 -C4 





Compound | Per cent total activity on paper 
Origin... : 5.7 
Taurocholic acid. 45.3 
Taurochenodesoxycholic acid* oe 46.4 
Cholesterol and front.............. 2.4 


- ‘See fevt- note to Table V. 


paper strips were then cut into five sections, as shown by the arrows in Fig. 
1, A. Each section was extracted three times with boiling ethyl alcohol 
the combined extracts were brought to volume, and an aliquot was taken 
for C“ determination. The results (Table V) fully confirm the impressions 
gained from the radioautographs. In the early period, radioactivity is 
found only in taurochenodesoxycholic acid and at the front. In the later 
samples, taurocholic acid is the dominantly labeled bile acid, whereas the 
amount of C' has diminished in the other bile acids. 
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Experiment 2. Administration of Cholesterol-4-C 50 Hours before Bile 
Duct Was Cannulated—In order to see whether any additional bile acids 
become labeled during the enterohepatic circulation of the bile acids, a rat 
was injected with cholesterol-4-C“ and the bile duct cannulated 50 hours 
later. Both taurocholic acid and taurochenodesoxycholic acid are strongly 
labeled, but no new labeled compounds are found (Fig. 1, G). The radio- 
autographs of samples collected at later intervals (up to 24 hours after can- 
nulation) closely resemble that shown in Fig. 1, G. 

The actual distribution of radioactivity was determined by cutting the 
paper strip into sections and eluting as described above. The results 
(Table VI) show that, 50 hours after injection, about half of the radioactiv- 
ity is still present in taurochenodesoxycholic acid. 


DISCUSSION 


Three independent procedures were used to identify the biliary end- 
products of cholesterol metabolism in the rat: (1) direct chromatography 
of the bile obtained from rats that received cholesterol-4-C"; (2) chroma- 
tography of the C" bile acids after their hydrolysis; and (3) recrystalliza- 
tion of the isolated C™ bile acids to constant specific activity after the ad- 
dition of carrier. The evidence confirms previous reports by Bergstrém 
(2) that taurocholic acid, accompanied by small amounts of taurocheno- 
desoxycholic acid (4), constitutes the chief biliary excretion product of 
cholesterol metabolism. In addition, lithocholic acid has been identified 
asa minor product. It should be noted, however, that, during the first 7 
hours after injection of C’*-labeled cholesterol into rats already provided 
with bile cannulas, no radioactivity is found in taurocholic acid. During 
this early period, the only radioactive bile acids are taurochenodesoxy- 
cholic acid, lithocholic acid (presumably also conjugated with taurine), and 
sometimes an unidentified compound which we have designated as Com- 
pound Y. As the excretory process is followed for longer periods, tauro- 
chenodesoxycholic acid and Compound Y lose their activity, while tauro- 
cholic acid becomes the most prominent radioactive bile acid excreted in 
bile. Because of the very small amounts of lithocholic acid found in rat 
bile, we were unable to determine whether this bile acid also loses its radio- 
activity with time. 

Previous work on the transformation which bile acids undergo in various 
animals has led to the suggestion that cholic acid is the primary bile acid 
formed from cholesterol, and is subsequently reduced to dihydroxy and 
monohydroxy bile acids (12). Our findings do not lend support to these 
ideas. On the contrary, we find that both lithocholic and chenodesoxy- 
cholic acid become labeled long before radioactivity appears in cholic acid. 
This suggests that both of these bile acids are intermediates in the conver- 
sion of cholesterol to cholic acid, perhaps by a series of successive hydroxyl- 
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ations leading from lithocholic acid to chenodesoxycholic acid, and eventy. 
ally to cholic acid. The evidence of Bergstrém et al. (13, 14) indicates 
however, that lithocholic and chenodesoxycholic acids give rise directly t, 
an as yet unidentified trihydroxy bile acid not identical with cholic acid, 

Experiment 2 was designed to study the effect of the recirculation of the 
bile acids upon their metabolism. No new labeled bile acids were encoyp. 
tered. This finding suggests that, even though it has been shown that in. 
testinal microorganisms can oxidize and perhaps also hydroxylate bile acid 
(15, 16), reactions within the intestine do not modify appreciably the nature 
of the circulating products of cholesterol metabolism. 

The distribution of the C'* among the various bile acids in the bile sample 
taken 50 hours after the injection of cholesterol-4-C™ differs considerably 
from that observed in Experiment 1. In this latter experiment, 50 hour 
after the injection of the cholesterol-4-C", the ratio of radioactivity in 
taurochenodesoxycholic acid to that in taurocholic is 1:7, whereas in Ex. 
periment 2 the ratio is 1:1. The difference in the ratios found in Exper- 
ments 1 and 2 requires further study. 


We are indebted to Dr. N. K. Freeman for the infra-red analyses of the 
labeled cholesterol. Our thanks are also due to Professor G. A. D. Hasle- 
wood of Guy’s Hospital Medical School, London, England, for the gift of 
authentic chenodesoxycholic acid. The assistance of Mr. H. H. Hernan- 
dez, Dr. 8. Hotta, and Dr. M. E. Jayko is gratefully acknowledged. 


SUMMARY 


1. A method for the paper chromatographic separation of the bile acids 
is described. The end-products of cholesterol metabolism in the rat were 
studied with this procedure. 

2. Lithocholic acid has been identified as one of the products of cholesterd 
metabolism. 

3. During the first 7 hours following the injection of cholesterol-4-C", 
radioactivity is visible only in taurochenodesoxycholic and lithocholic acids 
and sometimes in an unidentified compound designated here as Con- 
pound Y. 

4. Radioactivity begins to be visible in taurocholic acid about 7 hous 
after the injection of C'*-cholesterol, and this eventually becomes the major 
radioactive excretion product. 

5. The enterohepatic circulation of the bile acids does not affect the na- 
ture of the metabolites of cholesterol, but does delay the disappearance o 
radioactivity from taurochenodesoxycholic acid. 

6. The possibility that lithocholic and chenodesoxycholic acids are inter- 
mediates in the conversion of cholesterol to cholic acid is discussed. 
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CATION ANTAGONISM OF THE ANTIBACTERIAL 
ACTION OF AMINES* 


By ROBERT A. MacLEOD{ ann EVA ONOFREYt 


(From the Department of Biochemistry, Queen’s University, Kingston, and the 
Pacific Fisheries Experimental Station, Vancouver, Canada) 


(Received for publication, March 22, 1954) 


There have been few reports of the effects of low molecular weight ali- 
phatic amines on biological systems. Kindler studied the relationship be- 
tween the molecular size of such amines and their toxicity to Protozoa (1). 
Howland and Bernstein observed that various of these amines became more 
toxic for amoeba as the pH of the medium was increased (2). Tilley and 
Schaffer compared the phenol coefficients of some aliphatic amines for two 
species of bacteria (3). 

In a study of inorganic ion interrelationships for lactic acid bacteria 
MacLeod and Snell employed triethanolamine to neutralize the acidic com- 
ponents of the medium (4). No ill effects arising from the use of this amine 
were observed. In a later investigation there was again occasion to use 
triethanolamine in the medium, but this time inhibition of the growth of 
the test organism attributable to the amine was obtained. The media 
on the two occasions differed in that in the latter case a mixture of eighteen 
amino acids served as the nitrogen source instead of a sulfuric acid hydroly- 
sate of casein. A study was instituted to determine what factors might 
aflect the toxicity of the amine in the amino acid medium. This revealed 
that a number of inorganic cations are capable of reducing the toxicity not 
only of triethanolamine but also of various other aliphatic amines for 
Lactobacillus arabinosus. 


EXPERIMENTAL 


Cultures and Inocula—L. arabinosus ATCC 8014 was carried in yeast 
glucose agar. Inoculum cultures were grown 16 to 18 hours in a medium 
differing from the basal medium used in this study in that an enzymatic 
casein hydrolysate replaced the amino acid mixture and the phosphate and 
acetate present were added as their potassium salts. 

Basal Medium—The composition of the basal medium was the same as 
that described elsewhere (5), except that the required amounts of phos- 


*Supported in part by a grant from the Division of Medical Research of the 
National Research Council of Canada. 

{ Present address, Pacific Fisheries Experimental Station, Vancouver 2, British 
Columbia. 
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phate and acetate were added as salts of triethanolamine. To reduce tp 
& minimum the amount of triethanolamine used in the preparation of the 
medium only one-quarter of the normal amount of acetate was added 
pH adjustments requiring the use of an alkali were made with a 10 per cent 
solution of triethanolamine. Unless otherwise indicated, Mn++ was added 
to this medium at a level of 100 y per 10 ml. and Mg* at 50 y per 10 mi. 

In earlier experiments reagent grade triethanolamine was further pur. 
fied by a procedure described by Germann and Knight (6). A comparisoy 
of results with this and the reagent grade product, however, showed further 
purification to be unnecessary. All other amines tested were reagent grade 
products employed without additional purification. The amines were jn- 
corporated into the assay media as solutions neutralized with HCl. 

The usual procedures of microbiological assay were used and have been 
previously described (4). 


Results 


When a sufficiently low concentration of triethanolamine was used in the 
preparation of the amino acid medium, the only ill effect observed was a 
slight delay in the achievement of maximal growth of the test organism 
L. arabinosus. The further addition of triethanolamine, however, pro- 
duced an inhibition which could be overcome by raising the K+ level of the 
medium (Table I). It is evident that in the absence of triethanolamine in 
excess of that required to prepare the medium L. arabinosus responded to 
as little as 10 y of K* per tube. When 100 mg. of triethanolamine were 
added to this medium, 1000 y of K* were required to produce a comparable 
growth response. Further increases in the triethanolamine level corr- 
spondingly increased the K* requirement for growth. 

Although both Na* and NH¢ at high concentrations have been shown 
to inhibit growth of L. arabinosus by interfering with the utilization of the 
essential ion K* (4), at relatively low concentrations they were observed to 
act like Kt in preventing inhibition of growth by triethanolamine. This 
phenomenon is illustrated in Table II where Na* is shown to spare the 
amount of K* required to overcome the toxicity of added triethanolamine 
at both levels of Nat tested. The effectiveness of the ion increased as its 
concentration increased. NH,*, on the other hand, showed a sparing ac- 
tion only at the lower level tested. Higher concentrations of NH; seem- 
ingly accentuated the toxic action of the amine. Separate experiments 
revealed that neither Na* nor NH;* had any K* sparing action in the ab- 
sence of the added amine. 

Further investigation revealed that increasing the H+ concentration of 
the medium by lowering the pH from 7 to 5 had the effect of completely 
eliminating the toxic action of the level of triethanolamine tested (Table 
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III). It is evident from the fact that there is no difference in the response 
of the organism to K* at pH 7 and 5 in the absence of added triethanol- 








TABLE I 
Effect of Triethanolamine on Response of L. arabinosus to K* 
Triethanolamine per 10 ml.* 
K* 0 mg. 100 mg. 150 mg. 175 mg. 
a Per emt of incident light tonnemabttedt 7 
+ per 10 ol. Te | i | 

0 99 99 100 | 100 
10 81 100 100 100 
100 | 56 97 100 | 100 
1,000 39 85 | 100 100 
10,000 40 33 99 99 
30,000 38 34 33 | 97 
50,000 | 36 33 33 38 














*The amounts added are in addition to those used in the preparation of the me- 
dium (approximately 65 mg. per 10 ml. per tube). 

t Evelyn colorimeter readings, 660 my filter; uninoculated medium = 100. Incu- 
bation time = 72 hours. 


TaBie II 


Effect of Na* and NH,* on Amount of K+ Required to Overcome Inhibition 
of Growth of L. arabinosus by Triethanolamine* 


Nat per 10 ml. NH¢* per 10 ml. 


K* | Omg. | 20 mg. 30mg. | Omg. | 





Per cent of incident light transmittedt 








+ per 10 ml. | | | | 
0 | 100 | 100 | 100 | 100 100 100 
10 | 100 | 100 | 100 | 100 100 100 
100 | 100 | 100 | 71 | 100 100 100 
1,000 | 100 | 99 | 35 | 100 42 | 100 
5,000 | 100 | 69 | 35 | 100 26 | 100 
10,000 | 99 | 37 | 36 | 100 2 | 100 
30,000 | 41 | 32 | 35 | 30 27 | 98 





*The amount of triethanolamine added in excess of that used in the preparation 
of the medium was 150 mg. per 10 ml. 
tSee Table I. Incubation time, Nat assay, 48 hours; NH,* assay, 96 hours. 


amine, that the effect of pH is a direct effect of H+ and not one of H* on 
the response of the organism to Kt. 
It was of interest to know whether the ability to overcome the toxicity 
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of triethanolamine was a property characteristic of certain monovalent jon; 
or whether divalent ions might also be effective. For this reason the g. 
tion of Mn**, Mg*, and Ca** on the response of L. arabinosus to K+ wa 
determined in the presence of added triethanolamine. Table IV show 
that when each of the ions was tested at a level of 10 um per tube, Mg*+ 
had a marked sparing action on the K+ requirement of the organism, whik 
Ca** exerted a similar though lesser effect. Mn+, on the other hand, was 
ineffective under the same conditions. Increasing the concentration ¢ 
Mg** to 30 um per tube did not further change the response to K+, though 
Ca** at this level showed an improved ability to neutralize the inhibiting 
action of triethanolamine. Unfortunately, the Mn** concentration coyli 


TABLE III 
Effect of pH on Toxicity of Triethanolamine for L. arabinosus 





0 mg. triethanolamine per 10 ml. | 150 mg. triethanolamine per 10 ml 


. | ‘ z ie 
K* pH 7 pH 5 pH7 pH 5 


Per cent of incident light transmitted* 


y per 10 ml. | | 


0 100 100 100 100 
10 90 95 | 100 97 

100 58 66 100 62 
1,000 44 52 100 18 
10,000 13 49 | 100 46 
30,000 42 48 100 16 
50,000 42 49 35 46 


*See Table I. Incubation time, 48 hours. 





not be similarly increased without causing the formation of a precipitate in 
the medium. To avoid the formation of precipitates at the high metal ion 
concentrations used in this experiment, sterile metal ion supplements were 
added aseptically to appropriate tubes of medium after the latter had been 
autoclaved and cooled. 

To determine whether the relationships observed here were specific for 
triethanolamine other amines were tested. From the results in Table V 
it can be seen that diethanolamine was equally as toxic as triethanolamine 
for L. arabinosus and its action could be antagonized by sufficient K* ina 
similar fashion. The primary amine, ethanolamine, was essentially with- 
out effect on the test organism. Since an almost exactly similar pattem 
of activity was displayed by the ethylamines, it is evident that the hydroxyl 
groups of the ethanolamines are non-functional so far as the phenomena re- 


ported here are concerned. The observation that the primary amine tris 





(hydroxy 


tested st 
because 
primary 

The e 
propy lat 
amine a 
respecti 


10,' 


* Eac 
prepara 
in the a 
not incl 
of Mn* 

t See 


toxic € 
of the 
ethanc 
signific 
eviden 
actual 

Sine 
effecti 
of inte 
one of 


and K 








t ions 
he ge. 
+ was 
shows 
Mg* 
While 
|, Was 
on of 
Lough 
biting 
could 


) mi. 


ate in 
1 ion 
were 
been 


¢ for 
le V 
mine 
ina 
with- 
ttern 
roxy! 
a re- 
tris- 





R. A. MACLEOD AND E. ONOFREY 197 


(hydroxymethyl)aminomethane is as toxic as the two tertiary amines 
ested suggests that ethanolamine and ethylamine are relatively non-toxic 
because of the size of their molecules rather than the fact that they are 
primary amines. 

The effect of the various cations on the toxicity of triethylamine, tri-n- 
propylamine, and tri-n-butylamine was also investigated. Tri-n-propyl- 
amine and tri-n-butylamine were approximately 3 and 10 times as toxic, 
respectively, as triethylamine. Except in the case of tri-n-butylamine the 


TABLE IV 
Effect of Mn**, Mg**, and Ca** on Response of L. arabinosus to K* in 
Presence of Added Triethanolamine 
Additions per 10 ml.* 


Kt None 10 pm Mn** 10 um Mg** | 30 um Mg** 10 wm Ca** 30 wat Ca** 


> per 10 ml. 


Per cent of incident light transmittedt 


0 100 100 98 99 100 99 

10 | 100 100 87 83 100 78 
100 100 100 52 57 100 62 
500 100 100 41 38 100 38 
1,000 100 100 36 40 97 38 
10,000 98 95 40 41 65 38 
30,000 38 32 40 37 46 37 
50,000 37 32 40 38 36 39 


* Each tube contained 150 mg. of triethanolamine in addition to that used in the 
preparation of the medium. A normal response to K* was obtained in this medium 
in the absence of the added amine. The amounts of Mn** and Mg** indicated do 
not include those added to satisfy the growth requirements of the organism (50 
of Mn** and 50 y of Mg** per 10 ml.). 

tSee Table I. Incubation time, 72 hours. 


toxic effects of these tertiary amines could be prevented by the addition 
of the various cations active in reversing the antibacterial action of tri- 
ethanolamine. The inability of high concentrations of cations to reduce 
significantly the toxicity of tri-n-butylamine is shown in Table VI. It is 
evident that a combination of K+ and Nat, which in itself was non-toxic, 
actually enhanced the inhibitory action of tri-n-butylamine. 

Since it is a well known fact that quaternary ammonium salts are less 
eflective bactericidal agents at low pH than at high (7), it was considered 
of interest to determine whether other cations could affect the toxicity of 
one of these compounds as well. It was found, however, that levels of Nat 
and K+ which were capable of lowering the toxicity of the various amines 
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tested were unable to change the amount of Roccal (alkyldimethylap. 
monium bromide) required to inhibit growth of L. arabinosus. The con, 
pound, as expected, was much less toxic in a medium at pH 5 than at pH7 


TABLE V 


Effect of Various Amines on Response of L. arabinosus to K+ 


K* per 10 ml. 





Additions* Or | 107 100 y | 1000-y | 10,000 y | 30,000 y! 50,009, 


Per cent of incident light transmittedt 








~ TCT See | os | 84 | 56 | 40 | 36 | 39 | x 
Triethanolamine................. | | 100 97 | 47 
Diethanolamine.................. | | | 100 71 | 8 
Ethanolamine................... | 100 | 55 | 34 | 39 | 39 | 42 
EET Tere er | 100 | 97 | 2 
Diethylamine. . ery rey fer | 100 95 | 4 
Se ee eee | 100 | 99 | 82 38 34 | 8 
Tris(hydroxymethyl)amino- 
MOIR he sac bnmes Laois | 100 | 71 | 56 





* Each amine was tested at a level of 1 mm per 10 ml. 
{7 See Table I. Incubation time, 48 hours. 


TaBLE VI 
Effect of K+, Nat, and pH on Tozicity of Tri-n-butylamine for 
L. arabinosus 
































1 mg. K** 30 mg. K* a 1 mg. K* 
Tri-n-butylamine . pH 7 a i ae, | ; pHs 
Per cent of incident light transmittedt 
a ma per 10 ml. 7 | pie 
0 45 46 42 48 
0.01 69 61 81 55 
0.05 53 63 97 57 
0.1 68 63 100 62 
0.2 98 73 100 | 85 
0.5 100 96 100 96 











* The amounts of Kt and Nat added were per 10 ml. per tube. 
t See Table I. Incubation time, 72 hours. 


The possibility was considered that the various amines might be capable 
of forming non-toxic complexes with the metal ions active in overcoming 
their antibacterial action. Potentiometric titrations of triethanolamine 
and triethylamine in the presence and absence of the metal ions according 
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to the method of Bjerrum (8), however, revealed no evidence of complex 
formation. 


DISCUSSION 


Silverman observed that Ca**, Mg**, Mn**, and Ba++ antagonize the 
growth-inhibiting properties of Atabrine and various other antimalarials 
for Escherichia coli (9). Massart and Van der Stock report that the in- 
hibition of respiration of bakers’ yeast and EF. coli caused by such basic 
compounds as trypaflavine, protamine sulfate, and methylene blue can be 
prevented by inorganic and non-toxic organic cations (10). The present 
study reveals that the range of inhibitory organic bases which can be an- 
tagonized by inorganic cations can be extended to include at least some of 
the low molecular weight aliphatic amines. 

Certain examples of ion antagonism for bacteria have been shown to in- 
volve an antagonism between inhibitory inorganic ions and metallic ions 
required for growth by the organism (4, 5). Inhibition in these cases could 
be overcome only by the particular essential ion concerned or by ions which 
could carry out some or all of the functions of the essential ion. Ion an- 
tagonism under these circumstances is believed to stem from the ability of 
the inhibitory ion to interfere with the functioning of the essential ion most 
probably by competing with the essential ion in the formation of a metallo- 
enzyme (11). 

In the examples of antagonism observed in the present study the inhibi- 
tory action of the amines can be overcome by a variety of inorganic ions, 
few of which, to the best of our knowledge, can carry out the same or simi- 
lar functions in the metabolism of the test organism L. arabinosus. It is 
therefore unlikely that these antagonisms involve a competition between 
ions acting as essential metabolites and their inhibitory analogues. An- 
tagonism of the toxic action of inhibitors by agents which do not inactivate 
the toxic substance chemically and which are in all probability not acting as 
essential metabolites has been observed on several occasions previously 
(cf. (12, 13)). Most of these effects have been explained in terms of an 
ion exchange mechanism (13, 14), although how the events which follow 
this process produce inhibition is obscure. 

Massart and Van der Stock in their studies with trypaflavine (10) postu- 
late a competition between the inhibitory base and all other cations in the 
medium for negatively charged groups on the cell surface, the absorption 
of the trypaflavine ions on these groups being the condition of their entrance 
into the interior of the cell where they would exert their inhibiting activity. 
Neither the results of these workers nor those reported here necessitate the 
conclusion that the cell membrane is the site of action of the antagonisms 
observed. The antagonisms between toxic bases and non-toxic cations 
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could just as easily be occurring at the site of action of the inhibity 
whether this be in or at the surface of the cell. Inhibition could regy 
from the combination of a properly constituted molecule with an enzyme 
other physiologically active site associated with the cell. Any agent pr. 
venting such a combination by combining itself with the site could coy. 
teract the inhibition. 

Wherever the site of action, the mechanism of the antagonisms cq 
scarcely be a simple competition between similarly charged ions for an op. 
positely charged group. If it were, all non-toxic ions tested should shoy 
some ability to prevent inhibition by the amines. Silverman, however 
reports that of a number of ions tested only Mn++, Mgt, Ca*, and Ba 
were able to prevent the antibacterial action of the antimalarials (9), 
Furthermore, on the basis of a simple competition of cations for a negative 
site, it would be impossible to account for the fact that the toxicity of tr. 
n-butylamine is not affected significantly by cations, while the action of g 
much more inhibitory quaternary ammonium compound is markedly af. 
fected by pH. One may therefore conclude that, while cation exchange is 
in all probability the underlying mechanism of these antagonisms, such 
factors as the atomic or molecular size and configuration of the antagonists 
must play a réle in determining which ions can become involved in the 
antagonisms and at what sites they can act. 

Triethanolamine was found not to interfere with K+ utilization when 
tested in a medium containing a casein hydrolysate as the nitrogen source 
unless very high concentrations of the amine were used (4). The greater 
toxicity of triethanolamine in the amino acid medium is probably due to 
the presence in the casein hydrolysate medium of contaminating traces of 
inorganic ions in concentrations sufficient to counteract the inhibitory ¢f- 
fects of the amine. 

Tris(hydroxymethyl)aminomethane has been widely used as a buffer in 
biological systems, particularly when the effects of alkali metal ions on the 
system are being investigated. The fact that this amine interferes with 
the uptake of K+ by L. arabinosus indicates that care should be taken in 
the interpretation of responses to alkali metal ions when this compound is 
employed. 


SUMMARY 


The antibacterial action of triethanolamine for L. arabinosus can be over- 
come by adding sufficient K* to the medium or by lowering the pH of the 
medium from 7 to 5. Nat, NHs*, Mgt’, and Cat+, but not Mn**, at the 
level tested spared the amount of K+ required to overcome the toxicity of 
triethanolamine. Inhibition by triethylamine or by tri-n-propylamine was 


affected by cations in the same way as that of triethanolamine. In con- 
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trast, the level of tri-n-butylamine required to prevent growth of L. ara- 
hinosus Was not changed in the same way by the presence of cations in the 
medium. 

Although the underlying mechanism of the antagonisms is believed to 
involve cation exchange, such factors as atomic or molecular size and con- 
fguration of the antagonists must play a réle in ascertaining which ions 
are involved in the antagonisms and at what sites they can act 
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BIOSYNTHESIS OF GLUTAMYL PEPTIDES FROM GLUTAMINE 
BY A TRANSFER REACTION* 


By WILLIAM J. WILLIAMSt anv CURTIS B. THORNE 


(From the Chemical Corps Biological Laboratories, Camp Detrick, 
Frederick, Maryland) 


(Received for publication, January 22, 1954) 


Bacillus subtilis synthesizes a polypeptide consisting entirely of p- and 
i-glutamic acid residues connected primarily in y linkages (1-4). A report 
of previous studies in this laboratory described the conditions under which 
polypeptide is synthesized by growing cultures of this organism and in- 
cluded preliminary study of an enzyme which hydrolyzes the glutamyl 
polypeptide (5). Further studies have shown that enzyme preparations 
which hydrolyze the polypeptide also catalyze the transfer of the y-glutamy] 
radical from glutamine to glutamic acid and glutamic acid peptides to 
form glutamyl] peptides of longer chain length. Experimental evidence for 
the transfer of the y-glutamyl] radical from glutamine to amino acids or 
peptides has not been reported previously. Several reports have appeared 
on the enzymatic transfer of the y-glutamyl radical from glutamine to 
various amines (6-11), and of the y-glutamyl] radical from glutathione to 
amino acids and peptides (12-15), and Fruton and coworkers have demon- 
strated that proteases can catalyze reactions in which the amide group of 
synthetic peptide amides is replaced by amino acids, amino acid amides, 
or peptides (16-21). In the present report data are presented on the 
identification of the peptides formed from glutamine and amino acids or 
peptides and on the substrates and conditions necessary for the reaction. 


Materials and Methods 


Preparation of Enzyme—The enzyme was prepared from filtrates of 
cultures of B. subtilis ATCC 9945. The medium used was the dialysate 
obtained by dialyzing the following solution for 48 hours against 9 volumes 
of distilled water: yeast extract (Difco) 50 gm., NaHsPO, 13.6 gm., (NH,):- 
80, 10 gm., and glucose 10 gm. per liter of distilled water at a final pH of 
7.2. 500 ml. Erlenmeyer flasks containing 100 ml. of sterile medium were 
inoculated with 7 X 10° spores each and were incubated for 24 hours at 37° 
on a reciprocating shaker. The cells were removed by filtration through 

a. preliminary report of this work has been published (Federation Proc., 18, 321 
(1954)). 

t Lieutenant, Medical Corps, United States Naval Reserve. 
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Celite 545 on a Biichner funnel and then through a Mandler candle. Thy 
cell-free filtrate so obtained contained the enzymatic activity. 

The enzyme was concentrated by ammonium sulfate and isoelectric 
precipitation. These operations were carried out at 6°. 15 liters of filtrate 
were saturated with ammonium sulfate and the small amount of precipitate 
which formed was collected on a Biichner funnel. The precipitate wy 
taken up in about 50 ml. of 0.01 m Tris! buffer, pH 7.6, and the solution was 
dialyzed for 48 hours against several changes of 0.005 m Tris buffer at the 
same pH. 

The dialyzed solution of the ammonium sulfate precipitate was mixed 
with an equal volume of 0.1 m acetate buffer, pH 4.5. This solution was 
allowed to stand for 1 hour, and the resulting precipitate was collected by 
filtration. It was dissolved in 20 ml. of 0.01 m Tris buffer and dialyzed gs 
above for 18 hours. This solution contained material which was 1.5 time 
as active per mg. of N as the ammonium sulfate precipitate solution. This 
preparation was used in all experiments except the one in which the glu- 
tamic acid peptides were isolated by ion exchange chromatography. The 
preparation used in that experiment was fractionated further by mixing 
the solution of protein precipitated at pH 4.5 with an equal volume of a 
cold saturated solution of ammonium sulfate. The precipitate which 
formed was discarded, and the supernatant solution was used in the experi- 
ment after it was dialyzed against 0.01 m phosphate buffer, pH 7.6, until 
free of ammonium sulfate. 

Qualitative Paper Chromatography—This was carried out on strips of 
Whatman No. 1 filter paper. Chromatograms were developed by the 
ascending technique, except those of glutamic and aspartic acid mixtures 
run in propanol-water which were developed by the descending technique. 
The chromatograms were developed at 26° in glass jars with sealed tops. 
The solvents used were phenol-water (3:1), butanol-acetic acid-water 
2:1:1), propanol-water (4:1), and 2,4-lutidine-water (3:2). All propor- 
tions are in volumes per volume. The butanol-acetic acid-water solvent 
was aged for about 4 weeks before use. Known compounds were included 
on every chromatogram. The known peptides used were a-L-glutamyl- 
glutamic acid! and either y-t-Glu--Glu or y-p-Glu-p-Glu. 

Estimation of Free Amino Growps—Free amino groups of the peptides 
were estimated by the dinitrofluorobenzene reaction (22) as modified by 
Lowry.? About 0.1 um of peptide in 0.05 ml. was mixed with 0.2 ml. of | 


! The following abbreviations are used: Glu for glutamic acid and Asp for aspartie 
acid when these compounds appear in peptide linkage. Thus, y-t-Glu-1-Glu repre- 
sents y-L-glutamy]-L-glutamic acid, Glu-Asp represents glutamyl-aspartic acid, ete. 
Tris = tris(hydroxymethyl)aminomethane, DNFB = dinitrofluorobenzene, and 
DNP = dinitrophenyl. 

2 Private communication. 
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per cent sodium tetraborate and 0.025 ml. of 0.1 m DNFB in absolute 
ethanol. The reaction mixture was heated at 60° for 60 minutes. 2 ml. of 
1 x HCl were added, and the optical density was measured in a Beckman 
spectrophotometer at 420 mu. The reagent absorbed no light in acid 
solution at this wave-length, and the optical density was proportional to 
the amount of y-Glu-Glu present. The micromoles of free amino groups 
in the unknown compounds were determined by comparison with known 
y-Glu-Glu. 

Preparation of DNP Derivatives—DNP derivatives of the peptides were 
prepared by the method used for estimation of the free amino groups but on 
a larger scale. DJNP-1-glutamic acid and DNP-pL-aspartic acid were pre- 
pared in this manner from L-glutamic and pi-aspartic acids. DNP-1- 
glutamic acid was not obtained in crystalline form. After recrystalliza- 
tion from water the DNP-pt-aspartic acid melted with decomposition at 
194-196° (196° (23)). 

Nitrogen—Total N was determined by the micromethod of Johnson (24). 
Amide N was determined as ammonia after hydrolysis in 1 N H.SO, at 
100° for 11 minutes. 

L-Glutamic Acid was determined manometrically with L-glutamic acid 
decarboxylase by the method of Umbreit and Gunsalus (25), except that 
cell-free extracts of Escherichia coli were used. 

pH was measured with a Beckman model G pH meter. 

Measurement of Activity—All inéubations were performed in stoppered 
test-tubes at 36.5°, and the reactions were stopped by placing the tubes in 
boiling water for 5 minutes. The substrates and conditions are given with 
each experiment. The amount of dipeptide formed was determined by 
quantitative paper chromatography as outlined below. Control vessels 
containing the appropriate optical isomers of glutamine and glutamic acid 
without enzyme, and glutamic acid with enzyme, were included in each ex- 
periment. The results presented are the averages of triplicate determina- 
tions on duplicate reaction mixtures and are corrected for the controls. 
The L-glutamine used in these experiments contained a trace of aspartic 
acid, which was largely responsible for the small corrections for the controls 
since it migrates very near the glutamic acid dipeptides in phenol-water 
chromatograms. 

Quantitative Paper Chromatography—The procedure was essentially that 
of Housewright and Thorne (26). y-Glu-Glu migrates with R, 0.10 on 
paper chromatograms run in phenol-water, and the ninhydrin-positive spots 
with this Ry from the reaction mixtures were subjected to the quantitative 
procedure. With known y-Glu-Glu a straight line relationship was found 
between ninhydrin color intensity and quantity of dipeptide up to 0.25 
uM. Recoveries ranged between 95 and 101 per cent. In the routine pro- 
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cedure for dipeptide determination glutamic acid was used as the standard. 
Since the color intensity given by 1 um of y-Glu-Glu was found to be equiy- 
alent to 1.13 um of glutamic acid, the quantitative values for the dipeptide 
samples were calculated as glutamic acid and were then converted to micro. 
moles of y-Glu-Glu by use of this factor. Total glutamic and aspartic 
acids were also determined by quantitative paper chromatography. 

L-Glutamine, L-glutamic acid, DL-aspartic acid, and the other amino acids 
were commercial products. p-Glutamic acid was prepared from pi-gly. 
tamic acid with L-glutamic acid decarboxylase from EL. coli, and it was found 
to contain less than 0.1 per cent of the L isomer upon subsequent assay by 
the decarboxylase method. 


Synthesis of Glutamic Acid Compounds 


a-L-Glutamyl-i-glutamic Acid’—This substance was prepared by the 
method of Bergmann and Zervas (27) starting with L-glutamic acid. The 
final product melted with decomposition at 179-181° (184—185° (28)). 


CyoH1sO7N2 (276.1). Calculated, N 10.1; found, N 10.1 
[a]> +18.9° (2% in water containing 1 equivalent HCl) 
a-D-Glutamyl-p-glutamic Acid—This compound was prepared exactly as 
was the L isomer, except that p-glutamic acid was used. The final product 
melted with decomposition at 185°. The glutamic acid released on hydrdl- 
ysis contained 0.7 per cent of the L isomer. 


CioHisO7Ne2 (276.1). Calculated, N 10.1; found, N 10.0 
[a]> —18.85° (2% in water containing 1 equivalent HCl) 


-L-Glutamyl-L-glutamic and y-p-Glutamyl-p-glutamic Acids—These con- 
pounds were prepared by the method of King and Kidd (29) and the pro- 
cedure was identical for both isomers except that the starting material was 
L- or D-glutamic acid, respectively. N-Phthalyl-y-.-glutamyl-.-glutamic 
acid diethyl ester, m.p. 164-166° (162° (29)), and N-phthalyl-y-p-glutamyl- 
p-glutamic acid diethyl ester, m.p. 165-168°, were treated with alkali and 
with hydrazine to remove the blocking groups after which the phthalyl 
hydrazide was precipitated with HCl. Despite many attempts, the r- 
sulting free peptides could not be obtained in crystalline form and they were 
purified by ion exchange chromatography. The solutions were placed on 
2.5 X 58 cm. columns of Amberlite [R-120 resin in the hydrogen cycle and 
the compounds were eluted with 10 per cent aqueous pyridine. One nit- 
hydrin-positive peak containing both glutamic acid and the dipeptide was 
eluted from this column. This was distilled to dryness in vacuo at 40°. 
The residue was placed on 1.5 X 65 em. columns of Dowex 50 resin in the 


3 We are indebted to Dr. William L. Howard and Mr. Ellis R. Glazier of Camp 
Detrick for the synthesis of the glutamic acid peptides. 
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hydrogen cycle (30) and the material was eluted with 0.1 N HCl. The 
dipeptide was separated from glutamic acid by this procedure as indi- 
cated by paper chromatography. The effluent fractions containing the 
dipeptide were concentrated in vacuo at 40° and this solution was either 
lyophilized or treated with Ag,O to remove the remaining HCl. 

On paper chromatography the y-dipeptides so obtained migrated in 
phenol-water with R,- 0.10 to 0.11, butanol-acetic acid-water with R, 0.18 
to 0.19, propanol-water with Ry 0.02, and lutidine-water with Rr 0.08 to 
0,09. These Rr values are identical with those found for a-Glu-Glu, except 
in butanol-acetic acid-water in which a-Glu-Glu migrates with Rr 0.23 to 
0.24. The paper chromatograms showed that the peptides were contami- 
nated with a faint trace of glutamic acid. Hydrolysis of the dipeptides in 
3n HCl at 120° for 4 hours released a compound migrating as glutamic acid 
in phenol-water (Ry 0.22) and butanol-acetic acid-water (Rr 0.21). The glu- 
tamic acid from y-p-Glu-p-Glu contained 0.8 per cent of the L isomer. The 


| concentration of y-dipeptide in solution was determined from the glutamic 


| acid content of a hydrolyzed aliquot. 





y-L-Glutamyl-L-glutamic acid. Calculated (as glutamic acid). N 9.5 
Found. ade i 
la]p +1.0° (2% in 1 n HCl) 
y-b-Glutamyl-p-glutamic acid. Calculated (as glutamic acid). N 9.5 
Found. viele 
[a]> —0.7° (1.5% in 1 n HCl) 
p-Glutamine*—The y-ethyl ester of p-glutamic acid was prepared and 
coupled with carbobenzoxy chloride. 6 gm. of the resulting crude N-carbo- 
benzoxy-D-glutamic acid y-ethyl ester were treated with 60 ml. of ammonia 
water at room temperature for 14 hours. The excess ammonia was re- 
moved and the solution was subjected to catalytic hydrogenolysis. The 
reaction mixture was distilled to dryness and the residue was chromato- 
graphed on a column of XE-64 resin in the hydrogen cycle with water to 
elute the compounds. The effluent fractions containing p-glutamine were 
combined and reduced in volume, and the compound was crystallized from 
ethanol-water; yield, 1.4 gm.; m.p., 183°. The glutamic acid obtained on 
hydrolysis of the p-glutamine contained less than 0.1 per cent of the L isomer. 
C3Hi9O3Ne2 (146.2). Calculated. N 19.2, amide N 9.6 
Found. “191, “ «97 
[a]> —6.3° (1.9% in water) 


Results 


Identification of Glutamyl Di- and Tripeptides—Preliminary experiments 
showed that, upon incubation of the enzyme preparation with t-glutamine 


‘We are indebted to Dr. Alton Meister of the National Institutes of Health for 
extending the courtesy of his laboratory for the synthesis of this compound. 
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alone or with L-glutamine and L- or p-glutamic acid, a new ninhydrip. 
positive spot with R, 0.10 appeared on paper chromatograms of the reap. 
tion mixture developed in phenol-water. Larger aliquots of the reaction 
mixture containing L-glutamine and t-glutamic acid were streaked gy 
paper, and, after chromatography in phenol-water, the new compound was 
located with the aid of guide strips. The appropriate sections of paper 
were eluted with water, and an aliquot was hydrolyzed in 3 x HCl at 129° 
for + hours and chromatographed on paper in phenol-water. A single spot 
corresponding to glutamic acid (R» 0.22) was found, indicating that the 
new compound was a peptide of this amino acid. 

Incubations were carried out on a larger scale in three vessels in order to 
obtain sufficient quantities of the new compounds for identification. Ves. 
sel 1 contained 600 uM of L-glutamine and 600 uM of L-glutamic acid, Ves- 
sel 2 contained 600 um of L-glutamine and 600 uM of p-glutamic acid, and 
Vessel 3 contained 400 um of L-glutamine and 400 um of a-p-Glu-p-Glu. All 
vessels contained 500 um of phosphate buffer, pH 7.6, and 4.25 mg. of pro- 
tein in a total volume of 15 ml. and were incubated for 12 hours. Adequate 
activity was found under these conditions, although later it was found that 
phosphate inhibited the reactions. If the reaction proceeded as expected, 
Vessels 1 and 2 should have yielded y-L-Glu-1-Glu and y-L-Glu-p-Glu, te- 
spectively, while Vessel 3 should have yielded y-L-Glu-a-p-Glu-p-Glu. The 
products obtained from Vessels 1, 2, and 3 are referred to as Compounds 1, 
2, and 3, respectively. 

The products were isolated by ion exchange chromatography on 1.5 X 
65 cm. columns of Dowex 50 resin in the hydrogen cycle (30). The chroma- 
tograms were developed with 0.1 n HCl at a flow rate of 7 to 10 ml. per 
hour. Preliminary experiments had shown that a-L-Glu-L-Glu was eluted 
from the column with about 700 ml. of 0.1 N HCl. An unknown ninhydrin- 
positive peak was found after 700 and 680 ml. of effluent had been collected 
from the columns for the reaction mixture of Vessels 1 and 2, respectively. 
The peak of the unknown compound from the reaction mixture of Vessel 
3 appeared after 290 ml. of effluent had been collected. 

The effluents containing the unknown compounds were distilled to dry- 
ness in vacuo at less than 40°. The residues were dissolved in water, and, 
after the solutions were decolorized with Norit, the pH was adjusted to 9 
and the compounds were precipitated with ethanol and ether, washed with 
ether, and dried at room temperature in vacuo. 

Only one ninhydrin-positive spot was found for each of the precipitates 
when they were chromatographed on paper in three solvent systems. Com- 
pounds 1 and 2 migrated identically with y-Glu-Glu in phenol-water (Rr 
0.10 to 0.11), butanol-acetic acid-water (R- 0.18 to 0.19), and lutidine- 
water (Rr 0.08 to 0.09). Mixed samples of the unknowns with known 
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y-Glu-Glu migrated as a single spot with Ry values given. The butanol- 
acetic acid-water solvent separates a-Glu-Glu (Rr 0.23 to 0.24) and y-Glu- 
Glu (Rr 0.18 to 0.19) and thus permits identification of the structure of the 
dipeptides. 

Compound 3 migrated in phenol-water with Rr 0.06 to 0.07, in butanol- 
acetic acid-water with Ry 0.18, and in lutidine-water with Ry 0.07. Mixed 
samples of y-Glu-Glu with this unknown compound showed two spots in 
phenol-water (Rr 0.06 and 0.10) and in lutidine-water (Rr 0.07 and 0.10). 
Thus this compound differs from y-Glu-Glu, and its migration in phenol- 
water is consistent with that expected for a tripeptide of glutamic acid ac- 
cording to the equations of Pardee (31). 

The three unknown compounds were hydrolyzed in 3 Nn HCl at 120° for 
4 hours, and the resulting amino acids were chromatographed on paper. 
Only one ninhydrin-positive compound was found for each unknown, and 
it was chromatographically identical with glutamic acid in phenol-water 
(Ry 0.22 to 0.23), butanol-acetic acid-water (Rr 0.21), propanol-water 
(Ry 0.07 to 0.08), and lutidine-water (Rr 0.15). Mixed samples of the un- 
knowns with glutamic acid migrated as a single spot with the R»r values 
given. The chromatographic evidence then is consistent with the identifi- 
cation of Compounds 1 and 2 as y-dipeptides of glutamic acid and of Com- 
pound 3 as a tripeptide of glutamic acid. 

Glutamic acid and nitrogen determinations were also made on the un- 
known compounds. Total glutamic acid and L-glutamic acid were deter- 
mined after hydrolysis of the three compounds. 98 per cent of the 
glutamic acid of Compound 1 and 34.5 per cent of the glutamic acid of 
Compound 3 were the L isomer. Theory requires 100 and 33.3 per cent of 
the L isomer for these two compounds, respectively. 72 per cent of the 
glutamic acid of Compound 2 was the t isomer. That more than 50 per 
cent of the glutamic acid from this peptide was of the L configuration may 
be explained by the fact that peptide can arise from L-glutamine alone and 
part of the peptide formed here could consist entirely of L-glutamic acid. 

The location of the L-glutamic acid residues in the biosynthetic peptides 
was determined by the DNFB procedure. The DNP derivatives of Com- 
pounds 1, 2, and 3 were prepared and hydrolyzed in 3 Nn HCl at 120° for 4 
hours, and the DNP amino acids were extracted with ether. The t-glu- 
tamic acid remaining in the aqueous layer was determined with t-glutamic 
acid decarboxylase after removing the HCl by vacuum distillation. Since 
Compound 1 contained only t-glutamic acid, a solution of this compound 
equivalent to 6.7 um of glutamic acid should contain 3.35 um of L-glutamic 
acid after removal of the free amino end-group. Experimentally, 3.1 um 
of t-glutamic acid were found. Since Compound 2 contained 72 per cent 
of the glutamic acid as the L isomer, a solution of this compound equivalent 
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to 7.6 um of glutamic acid contained 5.5 um of t-glutamic acid of which 3f 
uM should be in the free amino end-group and 1.7 um in the free y-carbory| 
end-group. Here, 1.65 um of t-glutamic acid were found after removal ¢ 
the free amino end-group. Compound 3 contained 34.5 per cent of L-gh. 
tamic acid and all of this was expected in the free amino end-group. Re 
moval of the free amino end-group from a solution of this compound ¢op. 
taining the equivalent of 5.8 um of glutamic acid removed all the L-glutamie 
acid. However, glutamic acid was present as demonstrated on pape 
chromatograms, but it must have been of the p configuration. These dat, 
then, are consistent with the proposed structures of the compounds and 
show that the free amino end-group of the peptides arises from L-glutamine, 

Free amino groups of the compounds were estimated by the DNFR 
method, and these results were compared with the total glutamic acid val. 
ues. A solution of Compound 1 contained 2.9 um of free amino groups per 
ml. and on hydrolysis yielded 6.7 um of glutamic acid, a solution of Com. 
pound 2 contained 3.3 uM of free amino groups and 7.6 uM of glutamic acid, 
and a solution of Compound 3 contained 3.7 um of free amino groups and 
11.2 un of glutamic acid. The ratios of glutamic acid to free amino groups 
are 2.3, 2.3, and 3.0 for Compounds 1, 2, and 3, respectively. These values 
are consistent with a dipeptide structure for Compounds 1 and 2 and a ti- 
peptide structure for Compound 3. 

The paper chromatographic evidence indicated that the only amino aeid 
present in these compounds was glutamic acid. However, Compounds], 
2, and 3 contained, respectively, 10.1, 10.8, and 10.8 per cent N calculated 
as glutamic acid N. By theory glutamic acid contains 9.5 per cent N. No 
ammonia could be detected either before or after hydrolysis and the source 
of this extra N is obscure. That y-Glu-Glu free of contaminating N can 
be obtained by ion exchange chromatography of the reaction mixtures was 
shown by an experiment in which L-glutamine 1600 um, p-glutamic acid 
3000 um, Tris buffer 1000 um, and 4.8 mg. of protein in 20 ml. volume wer 
incubated at pH 8.9 for 2 hours at 36.5° and then chromatographed ona 
Dowex 50 column as above. The effluent fractions containing the com- 
pound responsible for the ninhydrin-positive peak appearing after 685 ml. 
of effluent were lyophilized to remove the solvent. The glassy residue be 
haved on paper chromatography as Compounds 1 and 2 both before and 
after hydrolysis. The glutamic acid derived from this preparation d 
y-Glu-Glu contained 9.8 per cent N. 

Peptides Containing Aspartic Acid—800 um of t-glutamine, 800 um of 
pi-aspartic acid, 400 um of Tris buffer, and 2.24 mg. of protein in 10 ml. 
volume at pH 8.8 were incubated for 4 hours at 36.5°. The products were 
isolated from the reaction mixture by chromatography on a Dowex 50 resin 
column as before. 





Fracti 
Four ni 
aspartic 
for thes 
nl. of e 
Compor 
compou 
The res 
tograph 
peak. 
perimer 
butano! 
water ( 
of both 
ninhyd 
togram 
(Ry 0.2 
compor 
given. 
tide of 
two CO 
they cc 

On | 
water ’ 
with 

in3 N 
tograp 
0.18), 

(Rr 0. 

glutan 

These 

aspart 

compe 
pound 

The 
extrac 
lyzed 
with | 

Both 

to0.4 

acid 1 

the fr 





ich 3§ 
Tboxy| 
oval of 

L-glu- 
d con. 
itamie 

paper 
® data, 
1s and 
amine, 
DNFB 
id val- 
IPS per 
Com. 
C acid, 
08 and 
ZrOUups 
values 
| a tri 


10 acid 
nds |, 
ulated 
~ No 
source 
N can 
eS Was 
¢ acid 
e were 
1 ona 
: Com- 
85 mi. 
ue be- 
re and 
ion of 


uM of 
10 ml. 
S were 
) resin 





W. J. WILLIAMS AND C. B. THORNE 211 


Fractions were collected until free aspartic acid appeared in the effluent. 
Four ninhydrin-positive peaks were found prior to the appearance of the 
aspartic acid peak at 1420 ml. of effluent. The compounds responsible 
for these peaks are denoted in what follows as Compound A (peak at 220 
ml. of effluent), Compound B (at 340 ml.), Compound C (at 510 ml.), and 
Compound D (at 750 ml.). The effluent fractions containing the unknown 
compounds were combined for each peak and distilled to dryness in vacuo. 
The residue was dissolved in 0.01 m phosphate buffer, pH 7.6, and chroma- 
tographed on paper. A single ninhydrin-positive spot was found for each 
peak. Compound B corresponded to Compound 3 from the previous ex- 
periment in that it migrated with Rr 0.06 in phenol-water and R, 0.17 in 
butanol-acetic acid-water. Compound D migrated as y-Glu-Glu in phenol- 
water (Rr 0.10) and in butanol-acetic acid-water (Rr 0.19). Hydrolysis 
of both these compounds in 3 Nn HCl at 120° for 4 hours released only one 
ninhydrin-positive component migrating as glutamic acid on paper chroma- 
tograms developed in phenol-water (Rr 0.22), butanol-acetic acid-water 
(Ry 0.21), and propanol-water (Rr 0.07). Mixed samples of the hydrolyzed 
compounds with glutamic acid migrated as a single spot with the Rr values 
given. Thus Compound B corresponds chromatographically to a tripep- 
tide of glutamic acid and Compound D corresponds to y-Glu-Glu. These 
two compounds must have been formed entirely from t-glutamine, since 
they contained only glutamic acid. 

On paper chromatograms Compounds A and C migrated in phenoi- 
water with Ry 0.05 and 0.08, respectively, and in butanol-acetic acid-water 
with Ry 0.13 and 0.16, respectively. Hydrolysis of both these compounds 
in3 N HCl at 120° for 4 hours yielded compounds corresponding chroma- 
tographically to glutamic and aspartic acids in phenol-water (Rr 0.22 and 
0.13), butanol-acetic acid-water (Rr 0.21 and 0.15), and propanol-water 
(Ry 0.07 and 0.05). Mixed samples of the hydrolyzed compounds with 
glutamic or aspartic acid migrated as two spots with the Rr values noted. 
These data indicate that these compounds are peptides of glutamic and 
aspartic acids. By quantitative paper chromatography of the hydrolyzed 
compounds a ratio of glutamic to aspartic acid of 1.98:1 was found for Com- 
pound A and 0.99:1 for Compound C. 

The DNP derivatives of Compounds A and C were prepared, and, after 
extraction from the reaction mixture with ethyl acetate, they were hydro- 
lyzed in 3 N HCl at 120° for 4 hours. The DNP amino acids were extracted 
with ether and chromatographed on paper with phenol-water as solvent. 
Both compounds showed a spot migrating as DNP-glutamic acid (Rr 0.47 
to0.49) and one migrating as the reagent (Rr 0.75 to 0.79). DNP-aspartic 
acid migrated with R r 0.42 to 0.43 under these conditions. This shows that 
the free amino end-group of both compounds was glutamic acid. 
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The free amino acids in the aqueous layer were chromatographed on pape 
after the HCl was removed by vacuum distillation. After removal of th 
free amino end-group of Compound A both glutamic and aspartic acid 
remained (R y 0.22 and 0.13 in phenol-water and Rr 0.21 and 0.15 in butang. 
acetic acid-water), while after removal of the free amino end-group ¢ 
Compound C only aspartic acid remained (FR, 0.13 in phenol-water and R, 
0.15 in butanol-acetic acid-water). These data all indicate that Compoun 
A is a tripeptide of glutamic and aspartic acids with glutamic acid in th 
free amino end-group and that Compound C is a dipeptide of these ty, 
amino acids with a probable structure Glu-Asp. 


TaBLe I 
Utilization of Isomers of Glutamine and Glutamic Acid for Dipeptide Synthesis 





uM substrate per 0.5 ml. 














Glutamine Glutamic acid = i 
L isomer D isomer L isomer D isomer 

40 0 0 0 1.3 
40 0 0 30 3.1 
40 0 30 0 1.1 

0 | 40 0 0 1.6 

0 | 40 0 30 1.7 

0 40 30 0 0.25 





Each vessel contained glutamine and glutamic acid as noted, Tris buffer 20 yx 
and 0.12 mg. of protein in 0.5 ml. volume. The final pH was 8.8 and the vessels were 
incubated at 36.5° for 2 hours. 


Substrates—Table I shows the results of an experiment comparing > 
and L-glutamine with and without p- and L-glutamic acid as precursors of 
the glutamyl dipeptide. A 2 hour incubation was employed to obtain ade- 
quate activity from p- or L-glutamine alone. p-Glutamine gave rise to 
somewhat more peptide when incubated with the enzyme than did 1-glu- 
tamine. p-Glutamic acid stimulated peptide synthesis from 1-glutamine 
more than 2-fold but had no effect on peptide synthesis from p-glutamine. 
In a comparable experiment in which the vessels were incubated for 30 
minutes, D-glutamic acid stimulated peptide synthesis from L-glutamine 
4-fold. 1-Glutamic acid had little effect on the reaction with L-glutamine 
but inhibited the reaction with p-glutamine 85 per cent. This experiment 
demonstrates that under these conditions both p- and L-glutamine are sub- 
strates for the enzyme and that the greatest synthesis occurs with L-glu- 
tamine and p-glutamic acid. 6 um of free glutamic acid per 0.5 ml. of re 
action mixture were found in the vessels containing p- or L-glutamine and 
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enzyme, indicating that the enzyme can catalyze the hydrolysis of these 
two compounds. Paper chromatograms of the reaction mixtures from all 
the vessels except those containing p-glutamine and L-glutamic acid showed 
an additional spot migrating as Compound 3 in phenol-water (R, 0.07) and 
indicated that possibly a tripeptide of glutamic acid was formed in these 
vessels. 

Neither p- nor L-glutamic acid led to the production of peptide when in- 
cubated alone with the enzyme, and no peptide was produced when p- or 
glutamine was incubated with p- or L-glutamic acid in the absence of 





REACTION MIXTURE 
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yM DIPEPTIDE /0.5 ML 





O10 20 30 40 50 60 70 80 90 100 
MINUTES 


Fic. 1. Rate of dipeptide synthesis from L-glutamine and p-glutamic acid at vari- 
ous enzyme concentrations. Each vessel contained L-glutamine 40 um, p-glutamic 
acid 30 um, Tris buffer 20 um, and enzyme in total volume of 0.5 ml. The final pH was 
8.8, and the vessels were incubated at 36.5° for the times noted. The enzyme concen- 
tration as mg. of protein per 0.5 ml. is given by O 0.037, A 0.074, A 0.149, @ 0.224. 


enzyme or with enzyme which had been boiled for 5 minutes. 1-Aspara- 
gine was inactive with both glutamic and aspartic acids and was not hy- 
drolyzed by the enzyme. 

Effect of Enzyme Concentration—Fig. 1 shows the rate of synthesis of 
y-Glu-Glu from t-glutamine and p-glutamic acid at various enzyme con- 
centrations. Under the conditions of this experiment the reaction rate was 
linear with the lower enzyme concentrations. Fig. 2 shows that the reac- 
tion is proportional to enzyme concentration over a 6-fold range during a 
30 minute incubation and over a 2-fold range for the longer incubations. 
The paper chromatograms from the vessels with higher enzyme concentra- 
tions showed an additional spot migrating the same as Compound 3 in 
phenol-water (Rr 0.07) and indicated that possibly a tripeptide of glutamic 
acid was formed. 
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Effect of pH—Fig. 3 shows the effect of pH on the synthesis of y-Glu-Gly 
Optimal activity occurs at about pH 8.8. 

Effect of Various Compounds—The effect of various compounds on the 
reaction between i-glutamine and p-glutamic acid was tested by using, 
system composed of L-glutamine 40 yum, p-glutamic acid 30 um, Tris buffy 
20 uM, 0.16 mg. of protein, and the added compounds in a final volume ¢ 
0.5 ml. at pH 8.8. All components except L-glutamine were mixed an 
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Fre. 2. The effect of enzyme concentration on dipeptide synthesis from L-glutamine 
and p-glutamic acid. The experimental conditions were the same as those given in 
Fig. 1. The time in minutes is given by O 30, @ 60, A 90. 

Fig. 3. The effect of pH on dipeptide synthesis from L-glutamine and p-glytamic 
acid. The experimental conditions were the same as those given in Fig. 1, except 
that the vessels were incubated for 30 minutes and the pH varied as shown. The 
amount of enzyme present was 0.149 mg. of protein per 0.5 ml. Tris buffer was used 
throughout. 


incubated for 20 minutes at 36.5°, after which the vessels were chilled to 
0° and the t-glutamine added. The vessels were then incubated at 36.5° 
for 30 minutes, and the amount of dipeptide formed was measured. 

Adenosinetriphosphate (0.0006 m), Mnt+ (0.006 m), and phosphate 
(0.008 m) were without stimulatory effect singly or in combination, and 
0.04 m phosphate inhibited the reaction 40 per cent. Iodoacetic acid, 
N-ethylmaleimide, F-, CN-, Cu*+*, and Mg*, all in 0.01 m concentration, 
were without significant effect on the reaction. 

Ammonia or NH,OH in 0.03 m concentration diminished the synthesis 
of dipeptide 20 to 30 per cent. Incubation of L-glutamine and enzyme with 
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NH,OH at pH 8.8 led to the formation of a hydroxamic acid as detected by 
the ferric chloride reaction of Lipmann and Tuttle (32). 

pi-Alanine and glycine in 0.03 m concentration inhibited the synthesis 
of dipeptide 80 and 60 per cent, respectively. pi-Valine and pi-phenyl- 
alanine inhibited the reaction about 30 per cent, while pL-ornithine, L-pro- 
line, pL-leucine, L-histidine, pi-methionine sulfoxide, and a-methyl-p1- 
glutamic acid, all at 0.03 m concentration, were without significant effect. 
The possibility that peptides of glutamic acid and these amino acids are 
formed is under investigation. 

Preliminary experiments have shown that, in addition to the reactions 
reported here and the hydrolysis of glutamyl polypeptide from B. subtilis, 
this enzyme preparation will catalyze the formation of hydroxamic acids 
from glutamine, glutathione, glutamyl polypeptide, and synthetic y-glu- 
tamyl peptides, and the formation of glutamyl peptides from glutathione 
and synthetic y-glutamy] peptides and glutamic acid. 


DISCUSSION 


The compounds formed in this transfer reaction have been identified as 
di- and probably tripeptides of glutamic acid and probably di- and tri- 
peptides of glutamic and aspartic acids, and it has been shown that -glu- 
tamine contributes the free amino end-groups and that p-glutamic acid and 
aspartic acid contribute the free y-carboxyl end-groups of the dipeptides. 
In addition, the free y-carboxyl end-group of the dipeptide (Compound 1) 
isolated from the experiment in which t-glutamine was incubated with 
i-glutamic acid was L-glutamic acid. Since t-glutamic acid did not stimu- 
late dipeptide synthesis from t-glutamine, and peptide was formed from 
i-glutamine alone, it would appear that L-glutamine itself can act as a re- 
placement agent and contribute the free y-carboxyl end-group. Similarly, 
p-glutamine can probably act as a replacement agent, since peptide was 
formed when p-glutamine was incubated alone with enzyme and p-glu- 
tamic acid did not stimulate the reaction. This would have resulted in the 
formation of y-glutamylglutamine and hydrolysis of the amide group of this 
compound would have been necessary for the formation of y-Glu-Glu. 

The system described here resembles the bacterial glutamotransferase 
described by Grossowicz et al. (6) in that no added cofactors are required 
and is in contrast to the other transfer systems utilizing glutamine (8, 9). 
However, this enzyme system utilizes amino acids as acceptors of the y-glu- 
tamyl radical of glutamine, while those described by others were inactive 
with amino acids. 

Gale and Van Halteren (33) have recently reported the appearance of 
extracellular peptides when resting cells of Staphylococcus aureus were in- 
cubated with glutamic or other amino acids. That system differs from the 
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one reported here, since in those peptides which contained glutamic g¢jj 
the free amino end-group was not glutamic acid. 

The discovery of an enzyme produced by B. subtilis which catalyzes tly 
transfer of the y-glutamy] radical from glutamine to glutamic acid may po 
sibly explain the mechanism of synthesis of the y-glutamyl] polypepti« 
produced by this organism. The experiments reported here have show 
that the chain length of glutamy] peptides can be increased by the additigy 
of the y-glutamy] radical from glutamine. The possibility that the chajy 
length can be increased until a polymer similar to the natural polypepti 
is formed is now under investigation. If this possibility is realized, the 
glutamyl peptides reported here may be regarded as intermediates in the 
synthesis of the polymer. The utilization of both optical isomers of the 
substrates in the reaction reported here is consistent with this possibility, 
since both isomers of glutamic acid appear in the natural product from 8 
subtilis. 


The authors are indebted to Mr. Jack Litwin, Mr. John H. Hash, and 
Mr. James M. Gentry for valuable assistance, and to Dr. Riley D. Hous. 
wright for his interest and encouragement during the course of this work. 


SUMMARY 


1. An enzyme preparation obtained from filtrates of cultures of Bacill 
subtilis catalyzes a transamidation reaction in which the y-glutamy] radical 
of glutamine is transferred to p-glutamic acid, a-p-glutamy]-p-glutamic 
acid, and probably to pL-aspartic acid and glutamine itself to form glutamyl 
peptides. 

2. y-Glutamylglutamic acid was formed from 1-glutamine and p-gh- 
tamic acid and from t-glutamine alone. A glutamic acid tripeptide was 
formed from t-glutamine and a-p-glutamyl-p-glutamic acid and probably 
from L-glutamine alone. Probably di- and tripeptides were formed from 
L-glutamine and pL-aspartic acid. 

3. The enzyme utilized both L- and p-glutamine for the synthesis d 
glutamyl peptides. pv-Glutamic acid increased the synthesis of dipeptide 
from L-glutamine but had no effect on the synthesis of dipeptide from p 
glutamine. 1-Glutamic acid had little effect on the synthesis of dipeptide 
from L-glutamine but inhibited the synthesis of dipeptide from p-glutamine. 
L-Glutamine and p-glutamic acid were the most active substrates in these 
experiments. 

4. The reaction did not require added cofactors. Optimal activity was 
found at about pH 8.8. The effect of enzyme concentration and of certain 
possible activators and inhibitors was studied. 
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DIALKYLFLUOROPHOSPHATASE OF KIDNEY 
III. STUDIES OF ACTIVATION AND INHIBITION BY COFACTORS 


By L. A. MOUNTER anp ALFRED CHANUTIN 


(From the Department of Biochemistry, School of Medicine, University of Virginia, 
Charlottesville, Virginia) 


(Received for publication, March 11, 1954) 


Previous studies (1) have shown that diisopropyl] fluorophosphate (DFP) 
is readily hydrolyzed by an enzyme (DFPase) which is activated by Mn++ 
or Cot+ and specific cofactors. The activation appears to depend on the 
formation of a DFPase-metal-cofactor complex (2). The non-enzymatic 
catalysis of DFP hydrolysis by metal ions and organonitrogen compounds 
(3-5) is similar in some respects to the potentiating effect of cofactors on 
DFPase. This paper is principally concerned with (a) the types of organic 
compounds which may act as cofactors with hog kidney DFPase and (b) 
the effect of cofactor and metal ion concentration on the activity of the en- 
zyme. 


EXPERIMENTAL 


Highly active preparations of hog kidney DFPase (Fraction A-2) were 
prepared by repeated ethanol precipitation, as described previously (1). 
Different preparations of Fraction A-2 not only vary in initial activity, but 
gradually deteriorate on storage in the cold, which accounts for the differ- 
ences in control values seen in Table I. DFP and organonitrogen com- 
pounds were obtained from commercial sources. In these experiments the 
enzyme was incubated with Mn++ or Cot+ and with the organic compound 
being tested before mixing with DFP (1, 2). All determinations are cor- 
rected for non-enzymatic hydrolysis. 


Results 


In a previous paper (1) it was reported that the amino acids, histidine, 
cysteine, and thiolhistidine, were effective activators in the presence of 
Mn**; histamine, 4, 5-imidazoledicarboxylic acid, and 2,2’-dipyridyl were 
as effective as, or more effective than, histidine. The data in Table I show 
the effects of a number of imidazole, pyridine, pyrazine, and benzene deriv- 
atives and of other compounds on the activity of the enzyme. These re- 
sults together with previous observations (1) indicate that certain imidazole 
and pyridine derivatives are the only compounds which are effective co- 
factors for DF Pase in the presence of Mn*. 

The imidazole derivative carnosine was found to be about half as effective 
219 
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TABLE I 


Effects of Organonitrogen Compounds on Activity of Hog Kidney DF Pase in P 
of Mn** or Cot+ 


Mn**, Co**, and organonitrogen compounds, 10-3 m in the side arm; incubated 
with enzyme 15 minutes before tipping. Activity, ml. of CO, per mg. of N per 30 
minutes. DFP, 10 mm. 


resence 


+ Mn** + Co*+ 
Substance Control | + com-  Effect* |Control + com- Effect’ 
pound pound 


Imidazole derivatives 


ber cent | per cent 
Carnosine oe | 47 73 +57) 25 | 25 0 
Imidazole-4 ,5-dicarboxamide. . | 51 34 —33 
Benzimidazole ere 60 50 —17| | 
2-Imidazolidinethione. . 60 57 —5 

Pyridine derivatives 
2,2’ ,2”-Tripyridy]lf . Piette oof & 215 +348) 25 14 | -4 
Picolinic acid. 59 157 +166, 33 33 0 
Dipyridylamine 84 204 +143) 31 30 0 
o-Phenanthroline .| 45 108 +140) 26 19 | -% 
4-Methylpyridine-2,3-dicarboxylie acidt..| 39 87 | +123 
8-Hydroxyquinoline 52 113 +115 41 34. | -I7 
Bis(2-pyridyl) glycol oa 64 135 | +108) 43 15 | -65 
Quinolinic acid i 69 +60} 33 | 24 | -9 
&8-Aminoquinoline 65 80 +22} 42 11 0 
Pyridine-3,5-dicarboxylie acidt 46 25 —47 
Pyridine-2,3-carboxamide...... 50 29 —42 
2-Aminopyridine... . .| 60 42 —30} 28 28 | 0 
Nicotinamide .| 39 30 —25 | 
3-Pyridylmethylketone. . | CB |] —18 
4,4-Dimethylene dipyridine 45 38 —16 | 
Pyridine-2,6-dicarboxylic acidt 45 38 —16 
a 67 59 —12 
2,2’-Biquinoly] 41 36 —12 
+,4-Tetramethylene dipyridine ss 65 67 0 
Picolinamide ..| 39 40 0 | 
Pyrazine derivatives 

Pyrazinoic acidf. : 46 39 —15) 27 24 -9§ 
Pyrazine-2,3-carboxamidet 42 30 —30 
N-(2-Pyridyl) pyrazinamidet 46 42 —9 
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TaBLeE I—Concluded 


cc a j 
+ Mn** + Co** 
Substance Control | + com- | Effect* |Control + com- | Effect* 
pound pound 
Benzene derivatives and miscellaneous compounds 
per cent per cent 
o-Aminobipheny] 60 39 —35 
Phthalic acid 42 30 —28 
Salicylic acid 43 33 —21 
o-Phenylenediamine 36 30 —17, 26 24 —S 
Catechol 41 29 —30 
9-Aminothiazole 42 40 —5 
Ethylenediamine 42 41 0 26 22 —15 
Diethylenetriamine 67 73 +9 
?.3-Butanedione oxime thiosemicarbazone| 34 16 —53 
p,p-Methylenebis(N ,N-dimethylaniline)¢., 34 26 —23 
Succinimide. . ye 67 56 —16 36 35 
Hydroxyproline me 44 47 +7 25 32 +28 


* Activation +; inhibition —. 

¢ Saturated solution. 

t These compounds were kindly donated by the Lederle Laboratories Division, 
American Cyanamid Company. 


as histidine in potentiating DF Pase activity. The most potent cofactor 
thus far encountered is 2,2’,2”-tripyridyl. Other pyridine derivatives 
which potentiate the activity of the enzyme more than 100 per cent are 
picolinie acid, dipyridylamine, o-phenanthroline, 8-hydroxyquinoline, 4- 
methylpyridine-2 ,3-dicarboxylic acid, and bis(2-pyridyl)glycol. The con- 
version of imidazole-4,5-dicarboxylic acid, quinolinie acid, and picolinic 
acid to the respective amides eliminated their activating effects; the amides 
derived from the first two compounds acted as inhibitors. It will be ob- 
served that all of the pyrazine and benzene derivatives were inhibitory to 
DFPase. Ethylenediamine, which has a catalytic effect on the non-enzy- 
matic hydrolysis of DFP in the presence of metal ions (5), has no potentiat- 
ing effect on the enzyme. 

In the presence of Co**, hydroxyproline has a potentiating effect similar 
tothat observed with proline (1). It will be observed that all of the pyr- 
idine or imidazole derivatives which activated DFPase in the presence of 
Mn** were without activity or were inhibitory in the presence of Cot+ 
(Table I). 

It was previously noted (1) that maximal activation of DFPase was ob- 
tained by a preliminary incubation of the enzyme, Mn*, and histidine 
prior to mixing with the substrate; activity is less with any other order of 
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DIALKYLFLUOROPHOSPHATASE. III 
TaBLeE II 
Effect of Order of Mixing Mn** or - with Cofactors on DF Pase Activity 
Activity, ml. CO2z 
Experi- | yain compartment Side arm 7 ek aernceeed re 
ment No) i Mn++ | Mn++ | Mn++ Cot 4 
histidine a | tripyridyl proline 
1 DFP Enzyme 16 (1.0)} 11 (1.0) | 11 (1.0) | 13 (1.0 
2 7 Enzyme-metal | 60 (3.7)} 28 (2.5) | 28 (2.5) | 50 (3.8 
3 DFP-activator-| Enzyme 31 (1.9)| 23 (2.1) 45 (4.1) | 17 (1.3 
metal | | 

4 | DFP-metal Enzyme-acti- 34 (2.1)| 45 (4.1) ) | 5 | 22 (1.7) 

vator | 
5 | DFP-activator | Enzyme-metal | 59 (3.7)| 70 (6.4) | 72 (6.6) ) | 55 (4.2) 
6 DFP Enzyme-metal-|134 (8.4)|145 (13.2)|200 (18.1)} 80 (6.1) 

| activator | 








The figures in parentheses represent activation factors. 
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Fig. 1. Activation of DFPase by different concentrations of organonitrogen com- 


pounds in the presence of 10-? m Mn*t 
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Curve 1, tripyridyl; Curve 2, o-phenanthro- 


line; Curve 3, dipyridyl; Curve 4, picolinic acid; Curve 5, bis(2-pyridyl) glycol ; Curve 
6, 8-hydroxyquinoline; Curve 7, 8-aminoquinoline; Curve 8, dipyridyl without Mn™. 
Fig. 2. Activation of DFPase by proline and hydroxyproline in presence of Co** 
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mixing. The data in Table II are results for DFPase activity with differ- 
ent orders of mixing in which dipyridy] or tripyridyl with Mn* and proline 
with Co++ were the cofactors. The potentiating effect of the cofactor al- 
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Fig. 3. Effect of picolinic acid and 8-hydroxyquinoline on DFPase activity in pres- 
ence of varying concentrations of Mn**, 
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Fig. 4. Effect of varying amounts of histidine on DFPase activity 


ways appears to be greatest after a preliminary incubation with the enzyme 
and metal. 

Preliminary observations with different concentrations of 8-hydroxy- 
quinoline showed that this compound could act either as an inhibitor or as 
an activator. A detailed study was undertaken to determine the effects 
of varying concentrations of 8-hydroxyquinoline, 8-aminoquinoline, o-phen- 
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anthroline, 2 ,2’-dipyridyl, picolinic acid, 2,2’ ,2”-tripyridyl, and bis(2-py. 
idyl)glycol on DFPase in the presence of 10-* m Mn++ (Fig. 1). Maximal 
activity of the enzyme was noted for six of these compounds when thei 
concentrations were in the region of 10-*m. Complete curves could not be 
obtained with 2,2’,2”-tripyridyl and 8-aminoquinoline owing to their 
limited solubility. Maximal activation was obtained with approximately 
10~* m proline or hydroxyproline in the presence of 10-* m Cot++ (Fig, 2), 
The results of these experiments suggest that (a) maximal activation js 
attained when equimolar concentrations of the metal ion and cofactor are 
present, and (b) that an increased concentration of cofactor may cause jn. 
hibition. 

Since the above experiments were limited to 10-* m Mn*, it appeared 
desirable to determine cofactor activation at different Mn++ concentrations, 
Activation curves for picolinic acid and 8-hydroxyquinoline (Fig. 3) show 
that different maximal values are obtained for each concentration of Mn+. 
Maximal activation for each curve is noted when equimolar concentrations 
of metal ion and cofactor are present. At the highest metal ion concentra- 
tion, activation is greatest, but a small excess of cofactor may be markedly 
inhibitory. In contrast, in experiments conducted with histidine (Fig. 4 
there was only a slight inhibition with a large excess of this cofactor. 


DISCUSSION 


Evidence has been presented that a number of imidazole and pyridine 
derivatives in the presence of Mn* activate an enzyme which hydrolyzes 
DFP. Wagner-Jauregg and Hackley (4) have described the non-enzymatie 
hydrolysis of DFP by imidazole and pyridine derivatives and found that 
this hydrolysis was most effective at comparatively high catalyst concen- 
trations and with high catalyst-DFP molar ratios. Wagner-Jauregg and 
his associates (5) have also shown that the rate of hydrolysis of DFP is ac- 
celerated by heavy metals and their complexes, in particular by the copper 
chelates of ethylenediamine, o-phenanthroline, 2,2’-dipyridyl, and histi- 
dine. It is interesting that imidazole and pyridine derivatives are effec- 
tive both as cofactors for DFPase and as catalysts for the non-enzymatie 
hydrolysis of DFP. It appears likely that these derivatives react with 
DFP to form a labile complex which is rapidly hydrolyzed in the presence of 
Mn+ and DFPase or slowly hydrolyzed in aqueous solution in the presence 
of copper chelates. A similar relationship between simple metal-chelate 
and metal-enzyme-substrate complexes has been demonstrated for the de- 
carboxylation of 8-keto acids (6-8). 

The data presented in Table I justify the following conclusions concern- 
ing the relation of cofactor structure and DF Pase activation: (a) all activat- 
ing compounds contain a nitrogen atom as part of a 5- or 6-membered cyclic 
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structure, and (b) a substituent or side chain is required in the 2 position 
relative to the nitrogen of the ring. The inhibitory effects of the carbox- 
amides of picolinic, quinolinic, and imidazole-4 ,5-dicarboxylic acids may be 
due to the elimination of the resonance stabilization of coordinate links 
formed with carboxyl groups. Further evidence is afforded to support the 
hypothesis that activation involves the formation of a chelate structure by 
coordination between the cofactor, manganese, and the complex (2). 

Co* is an activator in the presence of DFP alone (1), but its effect is de- 
creased by the addition of compounds which are cofactors with Mn++. Ac- 
cording to Hellerman and Stock (9), pH may have considerable influence 
on enzyme activity in the presence of metals. Since the effect of pH has 
not been adequately evaluated for DF Pase, it is difficult to draw conclu- 
sions concerning the potentiation or inhibition of this enzyme’s activity by 
metal chelates. 

The observation that maximal potentiation is obtained in the presence 
of equimolar concentrations of Mn** and cofactor may be explained by the 
mass law relationships involved in the formation of a metal-enzyme-cofactor 
complex (2) according to the following equations. 


Ky 
Knzyme + Mn*+ = enzyme-Mn*+ (1) 
Enzyme-Mn** + cofactor = enzyme-Mn*+-cofactor (2) 
3 
Mn** + 2 cofactor = Mn**-(cofactor)> (3) 


If K; is greater than K,Ko, the activating metal will be bound as inactive 
Mn*-(cofactor)2 complex at high cofactor concentrations. In the case of 
§-hydroxyquinoline, the value of log K,K»2, which was calculated to be ap- 
proximately 8.0, is close to that of enzyme-Mn**-histidine (2). According 
to Albert, Gibson, and Rubbo (10) the dissociation constants (log K) for 
Mn**-8-hydroxyquinoline and Mn**-(8-hydroxyquinoline). complexes are 
6.8 and 12.6 respectively. The reaction represented by Equation 3 would, 
therefore, be favored at high 8-hydroxyquinoline concentrations and the 
formation of inactive complexes of high stability would account for the 
shape of the curves in Figs. 1 and 2. In the case of histidine there is little 
inhibition by excess cofactor, since log K,K2 (7.7) (2) and log K; (7.8) (11) 
are of similar magnitude. It is interesting that the molar ratios between 
metal and chelating agents are critical for obtaining toxic complexes (12). 


SUMMARY 


Studies with a variety of organonitrogen compounds indicate that only 
definite molecular structures, involving imidazole and pyridine derivatives, 
activate DFPase in the presence of Mn++. These compounds either pre- 
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vent or inhibit the activation of DFPase by Cot+. Proline and hydroyy. 
proline are effective activators in the presence of Cot. 


Confirmatory evidence is presented to show that the order of mixing ¢ 


the enzyme, cofactor, and metal ion is important for optimal DFPay 
activity. 

The greatest activation is noted when the metal and the cofactor ap 
present in equimolar concentrations. Excessive amounts of cofactor mg 


cause inhibition of enzyme activity. The kinetics of these reactions gy 


discussed. 


The authors are indebted to Curtis 8. Floyd for his invaluable assistanee 
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HYDROLYSIS OF THE N-TRIFLUOROACETYL DERIVATIVES 
OF SEVERAL v- AND t-AMINO ACIDS BY ACYLASE I 


By WILLIAM 8. FONES* ann MARGUERITE LEE 


(From the Laboratory of Biochemistry, National Cancer Institute, National 
Institutes of Health, Bethesda, Maryland) 


(Received for publication, March 27, 1954) 


In an earlier study (1) on the hydrolysis of various N-acyl derivatives 
of alanine and phenylalanine by acylase I, it was found that the N-trifluoro- 
acetyl derivatives were the most rapidly hydrolyzed of any of the sub- 
strates employed. It was also noted that the optical specificity of the 
enzyme for these substrates was markedly less than for those used previ- 
ously (2). 

These observations led us to investigate the action of acylase I on a 
number of trifluoroacetyl-L- and p-amino acids. The results show that 
the rate of hydrolysis of the trifluoroacetyl derivatives of the L-amino acids 
was faster than any of the derivatives studied earlier except in the case of 
i-norvaline, L-norleucine, and L-methionine. The chloroacetyl derivatives 
of these three amino acids, as well as the acetyl derivative of methionine, 
are hydrolyzed at a more rapid rate (2). Results with the trifluoroacety] 
derivatives of the p-amino acids, whose rate of hydrolysis was sufficiently 
rapid to be measured, showed in each case this derivative to be the most 
susceptible one yet studied. 

The optical specificity of the enzyme was markedly less for the trifluoro- 
acetylamino acids than for the corresponding acetyl or chloroacety] deriva- 
tives (2). Only in the case of the trifluoroacetyl derivative of the branched 
chain amino acids, valine and leucine, and one 13-carbon amino acid, 
a-trifluoroacetyl-w-benzoyllysine, was insusceptibility of the p isomer to 
hydrolysis under the experimental conditions observed, although a slight 
degree of hydrolysis of trifluoroacetyl-p-leucine was suggested. 


EXPERIMENTAL 


Preparation of Substrates—Most of the trifluoroacetyl derivatives were 
prepared by modification of the method of Weygand and Csendes (3). By 
this method (designated as Method I in Table I) the amino acid! was 


* Deceased, May 11, 1954. 

'The p- and L-amino acids used were prepared by the enzymatic procedure de- 
veloped in this Laboratory ((2, 4) and earlier papers) and their optical purity was 
established (5). Following preparation of the trifluoroacetyl derivatives several of 
the p enantiomorphs were hydrolyzed by acid and the resulting amino acid was tested 
for optical purity (5). In no case was evidence found for the presence of the 1 form. 
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suspended in petroleum ether and reacted at 60° with slightly less than th 
theoretical quantity of trifluoroacetic anhydride. Following removal ¢ 
the solvent under reduced pressure, the residue was extracted with eth 
and the unreacted amino acid was removed by filtration. Extraction ¢ 
the trifluoroacetylamino acid into sodium bicarbonate solution freed j 
from any neutral contaminants. This alkaline solution was acidified to 
Congo red with dilute hydrochloric acid and the liberated acylamino aged 
was extracted with ethyl acetate. After drying over sodium sulfate the 
solvent was removed and the residual trifluoroacetylamino acid was pur. 
fied either by crystallization from a suitable solvent such as benzene ¢ 
petroleum ether or more often by sublimation. 

Attempts to prepare a-trifluoroacetyl-w-benzoyl-.-lysine, its D enap. 
tiomorph, or trifluoroacetyl-pL-aspartic acid by this method did not yiel 
a crystalline product. They were prepared by Method IT (Table I), and. 
since the procedure is similar for all three compounds, details are given for 
only one. 

w-Benzoyl-L-lysine, prepared by the copper chelate method used for the 
DL compound (6) (3.7 gm.), was esterified with dry hydrogen chloride in 
ethanol while the temperature was maintained below 30° by means of an 
ice bath. After removal of the solvent the residue was treated with exces 
alkali and the liberated ester was extracted into ethyl acetate. Removal 
of the solvent in vacuo left 3.5 gm. of an oil which was treated in ether with 
2.7 gm. of trifluoroacetic anhydride at room temperature. The reaction 
mixture was washed first with cold dilute hydrochloric acid and then with 
sodium bicarbonate solution, following which the organic layer was dried 
and the solvent removed. There was thus obtained 2.8 gm. of crystals, 
presumably a-trifluoroacetyl-w-benzoyl-L-lysine ethyl ester which was not 
purified and characterized further because of excessive losses. These 28 
gm. of crystals were treated in ethanol at room temperature for 2 hour 
with 0.30 gm. of sodium hydroxide in water. After removal of most of the 
alcohol in an air stream the aqueous phase was extracted with ethyl acetate, 
then acidified to Congo red and again extracted. The second ethyl acetate 
extract was dried and the solvent removed. Recrystallization of the 
residue from ethyl acetate and petroleum ether gave 1.35 gm. of a-tr- 
fluoroacetyl-w-benzoyl-.-lysine. 

In the case of pL-aspartie acid, trifluoroacetyl-pL-aspartic acid ethyl 
ester was isolated and recrystallized from petroleum ether (b.p. 35-70°). 
The ester melted at 61-63°. Calculated as CypHyO;NF;, C 42.1, H 49, 
N 4.9; found,? C 42.1, H 5.1, N 4.8 per cent. 

a-Chloroacety]-w-benzoyl-L-lysine was prepared from 5 gm. of w-benzoyl 
L-lysine and 3 gm. of chloroacetyl chloride by the usual Schotten-Baumann 


2 Analysis by R. J. Koegel and staff of this Laboratory. 
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procedure (Method III, Table I). In this way 4.2 gm. (64 per cent) of 
a-chloroacetyl-w-benzoyl-L-lysine, m.p. 104-106°, were obtained upon iso- 
ation and recrystallization from ethyl acetate. 

Examination of the optical data (Table I) for the trifluoroacetylamino 
acids and comparison of them with those reported previously for the cor- 
responding chloroacety! derivatives (2) show that in every case the specific 
rotation of the trifluoroacetyl derivative is more negative for the L isomer 
and more positive for the D enantiomorph. Whether this observation will 
be of value in helping to determine the optical configuration of amino acids 
when this is unknown must await study of many other examples. 

Enzymatic Digests—Acylase I was prepared by the published method (2). 
The enzymatic digests were carried out and the rates determined in the 
same manner as in the previous study (1). 


Results 


Inspection of the data for the hydrolysis of the trifluoroacetyl derivatives 
by acylase I (Table IT) and comparison with the hydrolytic rates reported 
previously (2) for other acyl derivatives of the same amino acids reveal 
that for L-norleucine, L-norvaline, L-methionine, and pi-methionine the 
trifluoroacetyl derivatives are hydrolyzed at rates considerably less than 
those of their respective chloroacetyl analogues. The reduction in rate 
was approximately 30 per cent for the norleucine derivative, 50 per cent 
for the norvaline compound, and about 85 per cent for trifluoroacetyl- 
methionine. For the remaining derivatives of L- or DL-amino acids listed 
and of glycine, the trifluoroacetyl compounds are hydrolyzed faster than 
the corresponding chloroacety! derivatives; the increase varies from about 
50 per cent for the glycine compounds to about a 65-fold increase in the 
case of the acyl-pL-aspartic acid derivatives. Special attention should be 
drawn to the very rapid hydrolysis of the trifluoroacetyl derivatives of the 
branched chain amino acids valine and leucine. The latter compound is 
the most rapidly hydrolyzed of any of the trifluoroacetyl derivatives yet 
studied. In contrast, when the acyl group is chloroacetyl, the hydrolysis 
of leucine is only about one-third as fast as its straight chain isomeride (2). 

When one examines the data (Table IT) for the derivatives of the p-amino 
acids, the situation is quite different from that for the L isomers. In every 
ease in which the rate of hydrolysis of the trifluoroacetyl D isomers was 
sufficiently fast to permit its measurement, this rate was found to be much 
faster than that of the corresponding chloroacety! or acetyl derivative (2). 
In many cases the rates of hydrolysis for the last two named derivatives of 
Damino acids are too slow to permit their measurement (2). It is inter- 
esting to note that the trifluoroacetyl-p-amino acids that are most readily 
hydrolyzed, namely, those of methionine, norleucine, and norvaline, are 
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the same ones whose L enantiomorphs are hydrolyzed more slowly thy, | V#" SI 
the chloroacetyl derivatives. ~ — & Table | 
of hyd 
TABLE II In 01 
Rate of Hydrolysis of N-Trifluoroacetylamino Acids by Acylase I and to cont 
Hog Kidney Homogenates the en: 
Rate.* Rate* with homogenate Ratio drolyz 
Substrate Bn we] eer acylase 1 any L 
Whole Dialyzed homogenate eviden 
Trifluoroacetyl-L-a-aminobutyrie acid 48 , 400 1200 40 tested 
Trifluoroacetyl-L-norvaline. . . 21,500 875 25 quanti 
Trifluoroacetyl-L-norleucine 19,500 550 35 Alth 
Trifluoroacetyl-L-valine 16, 400 500 33 mum 1 
Trifluoroacetyl-L-leucine 57 ,000 1650 34 4 (a-a 
Trifluoroacetyl-L-a-aminodecylic acid 3,200 73 44 with ¢ 
Trifluoroacetyl-L-phenylalanine . 11,000 525 20 : 
a-Trifluoroacety]-w-benzoyl-L-lysine 100 2 50 in hyc 
Trifluoroacetyl-t-methionine 15,700 375 42 the ler 
Trifluoroacetyl-p-a-aminobutyric acid 60 that t 
Trifluoroacetyl-p-norvaline 145 +t 2 73t than 1 
Trifluoroacetyl-p-norleucine oon 315 +f 9 35t rivati 
Trifluoroacetyl-p-valine. .. 0 
Trifluoroacetyl-p-leucine +§ the cl 
Trifluoroacetyl-p-a-aminodecylic acid 2 Per 
Trifluoroacetyl-p-phenylalanine 3 the su 
a-Trifluoroacety]-w-benzoyl-p-lysine 0 upon 
Trifluoroacetyl-p-methionine 5,200 2 9 578t pounc 
Trifluoroacetylglycine 3,700 100 37 
Trifluoroacetyl-pt-methionine... 16,000) — 
Trifluoroacetyl-pL-aspartic acid. 330 140 2.4 unlike 
Perfluorobutyryl-pt-alanine 470s} 13 36 alanil 
a-Chloroacetyl-w-benzoyl-L-lysine 4 subst: 
aR A rare otein Natal, me Om 
ixpressed as micromoles hydrolyzed per hour per mg. of protein N at 37°. The 
digests consisted of 1 ml. of enzyme solution, 1 ml. of 0.05 m phosphate buffer (pH = 
7.0), 1 ml. of 0.05 m neutralized pt substrate, or 1 ml. of 0.025 m neutralized p or1 In 
compound. a sul 
+ A slight value of digests above blanks but too small for a rate determination. whet! 
t Ratio obtained by dividing rate of acylase I by that for dialyzed homogenate of ex] 
§ A slight value of digests above blanks after 16 hours. 
| With the pt compound at 0.025 m a rate of 13,000 was obtained. In 
tyl-L: 
Only in the cases of the trifluoroacetyl derivatives of the 13-carbon con- deter 
pound w-benzoyl-p-lysine and the branched chain amino acids p-valine vA 
and p-leucine was the rate of hydrolysis by acylase I too slow to permit | joigo} 
measurement of the rate. A 16 hour digestion of trifluoroacetyl-p-leucine | optic 
gave an indication of some hydrolysis above blanks as determined by the} 1! 
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Van Slyke ninhydrin procedure, and this is indicated by a plus sign in 
Table II. The other two substrates mentioned above showed no indication 
of hydrolysis even under these conditions.’ 

In order to insure that the observed rates for the p isomers were not due 
to contamination by the L enantiomorph or to possible racemization during 
the enzymatic digestion, trifluoroacetyl-p-methionine was completely hy- 
drolyzed by acylase I and the resulting digest tested for the presence of 
any L isomer by the L-amino acid oxidase of rattlesnake venom (5). No 
evidence for the presence of any L isomer was found and a similar digest 
tested with p-amino acid oxidase indicated the presence of the theoretical 
quantity of D-amino acid. 

Although the straight chain trifluoroacetyl-L-amino acids reach a maxi- 
mum in their susceptibility to the action of acylase I at a chain length of 
4 (a-aminobutyric acid) rather than 5 carbons (norvaline), as is the case 
with chloroacetyl and acetyl derivatives (2, 7), the proportionate reduction 
in hydrolysis rate is apparently less for the trifluoroacetyl derivatives as 
the length of the amino acid chain increases. This is indicated by the fact 
that trifluoroacetyl-a-aminodecylic acid is hydrolyzed some 27 times faster 
than the analogous chloroacetyl derivative (3) and the trifluoroacetyl de- 
rivative of w-benzoyl-t-lysine is cleaved about 25 times more rapidly than 
the chloroacetyl analogue (Table IT). 

Perfluorobutyryl-pL-alanine was prepared in order to test the effect of 
the substitution of fluorine for hydrogen in an acyl group other than acetyl 
upon the hydrolysis of the substrate. The data (Table IT) show this com- 
pound to be hydrolyzed at a significant rate but not sufficiently fast to 
warrant investigation of other similar substrates. It would appear that 
unlike trifluoroacetyl-pL-alanine only the L isomer of perfluorobutyryl-pL- 
alanine is hydrolyzed by acylase I. A 16 hour digestion of the last named 
substrate with 1 mg. of acylase I nitrogen led to only 50 per cent hydrolysis. 
Under the same conditions both isomers of trifluoroacetyl-pL-alanine were 
completely hydrolyzed (1). 

In view of the marked effect upon the optical specificity of acylase I by 
a substituent which itself is optically inactive the question arises as to 
whether one is here dealing with one or more enzyme systems. A number 
of experiments were undertaken in an attempt to answer this question. 

In view of the relatively rapid rates of hydrolysis of both trifluoroace- 
tyl-t- and p-methionine the rate of hydrolysis of the pi derivative was 
determined to see whether the rates for the p and 1 enantiomorphs were 


‘Attempts to prepare the trifluoroacetyl derivatives of L- and p-isoleucine or al- 
loisoleucine to test further the effect of branching of the amino acid chain on the 


optical specificity of acylase I did not lead to crystalline products by either Method 
lor II. 
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additive. The results (Table II) show this not to be the case, the yaly 
being essentially the same as that obtained with the L isomer alone, thy 
suggesting that only one enzyme site is involved in the hydrolysis of thy 
optical antipodes. 

Attention was next turned to the ratio of the rate of hydrolysis of th 
various substrates by acylase I and by whole kidney homogenates. Th 
ratios for the derivatives of the L isomers (Table II) fall between 25 an 
50* which is in the same range as that found earlier for the chloroacety| 
derivatives (8). On the other hand, the values obtained with those deriys. 
tives of the p compounds whose hydrolytic rates with the homogenate ap 
sufficiently rapid for measurement are not as clear cut. In calculating the 
ratios with the p isomers the rates obtained with a dialyzed homogenate 
were used, since it was found that rates invariably were greater after this 
treatment, as was reported previously for the hydrolysis of trifluoroacetyl. 
p-alanine (1). The ratios for trifluoroacetyl-p-alanine, 33 (1), and tr- 
fluoroacetyl-p-norleucine, 35, are in the same range as the L compounds, 
The ratio of 73 obtained with trifluoroacetyl-p-norvaline is of questionable 
significance, owing to the slow rate obtained with the crude homogenate. 
However, the very large ratio obtained for trifluoroacetyl-p-methionine 
cannot be so explained and is an exception to what is otherwise further 
evidence in favor of a single enzyme acting on both t and p isomers. It is 
possible that this discrepancy is due to some undetermined peculiarity of 
the methionine residue. This is also the amino acid whose trifluoroacety! 
derivatives show the lowest ratio in the hydrolysis of its L and pD isomer, 
of the order of 3:1. For any of the other substrates this figure varies 
from about 50:1 to several hundred to 1. It is also possible that purif- 
cation of acylase I eliminates inhibitors to the hydrolysis of trifluoroacety- 
p-methionine other than those removed by dialysis.® 

Acid denaturation of the purified enzyme was undertaken to see whether 
the activity toward the trifluoroacetyl-t or D isomers of an amino acid would 
be destroyed at different rates. The data show (Table III) that for tr- 
fluoroacetyl-L- and p-norleucine the ratio of the rate of hydrolysis of the 
respective isomers remains nearly constant. 


4 The lower values of the ratio obtained with trifluoroacetyl-pL-aspartic acid are 
expected because of the presence of acylase II (2) in the homogenates. The slightly 
lower value obtained for trifluoroacetyl-L-phenylalanine agrees with that found for 
the chloroacetyl derivatives (8). 

5 The possibility was considered that the low rates obtained with the p isomers 
with homogenates might be due to the destruction by p-amino acid oxidase of any 
p-amino acid formed. To test this possibility trifluoroacetyl-p-norleucine was in- 
cubated with dialyzed homogenate under the usual conditions except that air was 
excluded. The observed rate was 13 instead of 9 and thus no significant difference 
in hydrolytic rates is attributed to this factor. 
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In view of the data on the ratio of hydrolysis with acylase I and ho- 
mogenates, the non-additive nature of the rates of hydrolysis of trifluoro- 
acetyl-L- and p-methionine, and the acid denaturation of the purified en- 
ryme we are inclined to favor the view that only one enzyme is involved in 
the hydrolysis of the L and p isomers, though the possibility of the existence 
of both an L- and a D-acylase cannot be completely excluded. 


TaB.Le III 
Acid Denaturation of Acylase I* 





Ratest of hydrolysis of 











Period a incubstion at Ue | Ratio, ~ 

Diets | Trifluoroacetyl-p-norleucine 
—_—_—__—| — — 
min. | 

0 19,400 313 62 

30 16,000 257 62 

60 12,800 223 57 

120 10,600 193 | 55 

180 8,800 176 | 50 


* Acylase I was dissolved in acetate buffer at pH 4.7 and maintained at 37°. 1 
ml. was removed at the times indicated and added to phosphate buffer at pH 7.0. 
The activity of the enzyme against the two substrates was then determined in the 
usual manner. 

t Expressed as micromoles of substrate hydrolyzed at 37° per hour per mg. of 
protein N. 





DISCUSSION 


The earlier work from this Laboratory (2) showed that modification of 
the acyl side chain could influence the rate of hydrolysis of acyl-p-amino 
acids by acylase I just as it could that of the L enantiomorphs. For ex- 
ample, chloroacetyl-p-methionine is hydrolyzed by acylase I at a rate of 10, 
whereas, for the acetyl derivative, the corresponding value is 3. It was 
also found that definite hydrolysis of the chloroacetyl derivatives of p- 
norvaline, D-alanine, and p-leucine could be demonstrated, whereas hy- 
drolysis of the corresponding acetyl derivatives could not be detected. In 
all cases the ratio of hydrolysis of an acyl-L-amino acid as compared with 
its D enantiomorph was from 10,000 to 40,000 to 1. 

The present and previously reported data show that modification of the 
acyl side chain leads to a great change in the optical specificity of a hydro- 
lytic enzyme, even though the acy] group itself is devoid of optical activity. 
The substitution of the trifluoroacetyl group for acetyl or chloroacetyl in 
the case of L- and p-methionine lowers the ratio of the rates of hydrolysis 
of the L to D isomers from about 10,000:1 to 3:1. Similar though not quite 
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so dramatic changes are noted for alanine and norvaline for which the ratig 
are lowered to about 150:1 from about 30,000:1. In the case of chlo. 
acetyl-a-aminobutyric acid no hydrolysis could be detected with the chlor. 
acetyl p derivative (2), though the trifluoroacetyl p compound is hydn. 
lyzed at an appreciable rate. 

Bennett, Niemann, and Schuller (9-12) showed that, in the enzymatie 
synthesis of the phenylhydrazides of acylphenylalanine and some substi. 
tuted acylphenylalanines by papain, the optical specificity of the reaction 
was markedly affected by the nature of the acyl group. Thus with the 
acetyl compounds only the L isomer was obtained, with a benzoy! substit. 
uent some D compound was formed along with the L compound, and whey 
a carboethoxy or carbobenzoxy group was used a large proportion of p 
compound was formed. 

However, as far as we can determine, the present work is the first report 
of an enzyme-catalyzed reaction in which a change in an acy] group, whic 
is itself not optically active, leads to an increase in the rate of hydrolysis 
of one member of an enantiomorphic pair and to a decrease in the hydro- 
lytic rate of its optical antipode. Previous data (2) showed that substitu. 
tion of chloroacetyl for acetyl in the case of the acyl-p- and L-methioning 
led to about a 4-fold increase in the rate of hydrolysis of the acylated form 
of both optical isomers. With trifluoroacetyl-p- and L-methionine, hov- 
ever, the D enantiomorph is hydrolyzed about 500 times as fast as the anal- 
ogous chloroacetyl derivatives and about 1700 times as fast as the acetyl 
derivative (2), whereas for the L enantiomorphs the trifluoroacetyl com- 
pound is hydrolyzed about 15 per cent as fast as the chloroacety! con- 
pound and about 60 per cent as fast as the acetyl derivative. Similar 
results were obtained with the derivatives of norvaline and norleucine, 
though the magnitude of the respective change in rates was less. Even in 
those cases in which the trifluoroacetyl derivatives of both the L- and D 
amino acids are hydrolyzed faster than the chloroacetyl analogue (ey. 
alanine and a-aminobutyric acid), the effect upon the increase in rates for 
the p isomer is much greater than for the L compound. Thus, the ratio d 
the rate of hydrolysis of trifluoroacetyl-t-alanine (1) to that of chloro- 
acetyl-L-alanine (2) is about 4:3, whereas the corresponding ratio for the 
Dp enantiomorphs is 400:1. 

The data presented here, together with the earlier findings (1, 2), show 
that at least three factors influence the susceptibility of a particular sub- 
strate to attack by acylase I: (a) the optical configuration of the a-carbon 
of the amino acid, (b) the nature of the amino acid, and (c) to a degree not 
previously recognized the nature of the acyl radical. The data also indi- 
cate that factors (b) and (c) are not independent but rather are interre- 
lated. Thus, when the acyl group is trifluoroacetyl, the effect on the ratio 
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of hydrolysis of the L and D isomers of methionine by acylase I is much 
greater than for those amino acids containing only carbon. Further, if 
the carbon chain is branched as in valine or leucine, the ability of the tri- 
fuoroacetyl group to lower the optical specificity of the enzyme is de- 
sroyed. The chain length for optimal activity is influenced by the nature 
of the acyl group. Thus, the maximal rate with the chloroacetyl or acetyl 
derivatives is reached with t-norvaline, but with L-a-aminobutyric acid for 
the trifluoroacetyl compounds. 


The authors are indebted to Dr. J. P. Greenstein for furnishing several 
of the L- and p-amino acids used in this work. They also gratefully ac- 
knowledge his advice and interest during the course of this study. 


SUMMARY 


1. Twenty-two new acylated amino acids were prepared and charac- 
terized and their susceptibility to hydrolysis by acylase I was determined. 

2. Trifluoroacetyl derivatives of L-norvaline, L-norleucine, and L-meth- 
ionine were hydrolyzed more slowly than their chloroacetyl analogues. 
The trifluoroacetyl derivatives of the remaining L-amino acids were hy- 
drolyzed faster than any of the other N-acyl derivatives yet studied. 

3. The susceptible trifluoroacetyl-p-amino acids were hydrolyzed faster 
than any other acyl derivative of the p series. The derivatives of p-nor- 
valine, D-norleucine, and p-methionine were the most readily hydrolyzed. 
These are the enantiomorphs of those compounds which in the L series were 
slower than the chloroacetyl derivatives. 

4. The optical specificity of acylase I was markedly reduced by the in- 
troduction of the trifluoroacetyl group in the substrates. Only in the case 
of the branched chain amino acids, valine and leucine, and of w-benzoyl- 
lysine were the trifluoroacetyl derivatives of the p enantiomorphs not hy- 
drolyzed at a measurable rate. 

5. The maximal rate of hydrolysis for straight chain L-amino acids was 
reached with L-a-aminobutyric acid when trifluoroacetyl was the acyl group, 
as contrasted with L-norvaline when the chloroacetyl or acetyl compounds 
were used. On the other hand, the decline in hydrolytic rate is less in the 
trifluoroacetyl series, since trifluoroacetyl-L-a-aminodecylic acid is hydro- 
lyzed about 30 times faster than the chloroacetyl analogue. 

6. Evidence is presented which suggests that the same enzyme (acylase 
I) hydrolyzes both acyl-L- and p-amino acids. 
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Butyric acid is a major product of feed fermentation in the intestinal 
tract of various animals, especially the rumen of cattle and sheep. This 
has been known for 70 years (1). 

Elsden, Hitchcock, Marshall, and Phillipson (2) noted that the rumen 
and reticulum of an ox contained an average of 329 gm. of volatile acids 
(calculated as acetic acid), and that the mixture of volatile fatty acids in 
the intestines of cattle, sheep, horses, pigs, and rabbits had a similar com- 
position, namely an average of 67 per cent acetic, 19 per cent propionic, 
and 14 per cent butyric acid. (These figures presumably represent molar 
percentages. ) 

The relative rate of absorption of fatty acids from the rumen depends on 
the acidity of the rumen content (3). 

Kiddle, Marshall, and Phillipson (4) suggest that a greater part of the 
butyrate than of the other fatty acids is catabolized in the rumen wall, and 
Pennington (5) demonstrated that tissue slices of rumen epithelium convert 
butyrate to acetoacetate. Butyrate is thus a most interesting substance 
in the nutrition of cattle and sheep, its importance in biochemistry, how- 
ever, not being limited to ruminants. It may play a réle as a link between 
fat and carbohydrate metabolism. Its function as such in rats may, at 
least in part, be independent of acetate (6), and a considerable part of its 
contribution to the synthesis of animal carbohydrate by-passes the car- 
bonate pool (7). 

We injected C-labeled butyrate as a single dose into the jugular vein of 
lactating cows. We then measured the C™ concentration in the expired 
CO, and in lactose, casein, milk albumin, and butter fat as a function of 
time after injection of the tracer. These measurements permitted esti- 
mates of the relative rates at which butyrate provides carbon for respira- 
tory CO, and for the synthesis of the organic milk constituents. 

* This investigation was supported by the United States Atomic Energy Commis- 
s10n. 

t Predoctoral Research Fellow, United States Atomic Energy Commission. 


} Research Fellow of the National Institutes of Health, United States Public 
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Method 

Cows—Table I summarizes the characteristics of the three Jersey ¢oj; 
and one Holstein cow used in the experiments described here. 

Tracer—The sodium butyrate-1-C'* was prepared by carbonation 
propylmagnesium bromide with CO, at —20° (8). Yields were approx. 
mately 95 per cent, based on the barium carbonate-C" used. 

The sodium butyrate-2-C“ was synthesized by condensation of potassiun 
cyanide with propyl-1-C" iodide, followed by hydrolysis of the nitrile an 
steam distillation of the butyric acid. Propyl-1-C" iodide was prepared by 
high pressure hydrogenation of cadmium-nickel propionate and iodinatio, 
of the resulting alcohol with phosphorus and iodine (9). 


TABLE [ 


Data on Experiments with Cows 


Food intake 
Bed per day _— , sc ner Position | 
ome m —— ody Milk yield| Plasma injectec of Cu Butyrate 
Trial No. | Cow No weight per day volume dose in injected 
aw Concen- of C¥ butyrate 
. trates 
uc. per 
kg. kg. kg. kg. liters kg. body mM 
weight | 
I 905 414 6.4 12.1 | 1-C% 9.7 
II 963 547 2.2 2.3 | 6.8 | 20.2 7.3 | 1-C¥ 7.2 
Ill 1100 554 | 7.0 3.0 | 22.4 31.9 9.0 | 2-C% | 4 
IV | 941 450 6.3 2.9 16.3 20.3 11.1 2-C4 





Injection and Dose—The use of plastic tubes for the intravenous injec- 
tions performed in these trials has been described before (10). 

The doses in microcuries per kilo of body weight and the amount of butyr- 
ate injected in millimoles are reported in Table I. From the data given 
by McClymont ((11) p. 95, Table I), we may estimate that 1 liter of ar 
terial blood of a cow contains on the average 1.46 mm of acetate, 0.04 mu 
of propionate, 0.04 mm of butyrate, and 0.03 mm of higher fatty acids. 

For an estimated average of 32 liters of blood, a cow thus contains in its 
blood about 1.3 mm of butyrate. According to this estimate, which ne- 
glects the difference between peripheral and intestinal blood, we injected 
about 3 to 8 times as much butyrate as is normally present in the blood of 
the cow. Considerable variation in the rate of production of fatty acids 
in the rumen and their appearance in the blood stream is to be expected. 
Our injection of butyrate, therefore, presumably did not produce abnormal 
conditions. 


Respiration Trials and C Measurements—The methods of measuring 
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C0, production and radioactivity in the respiratory CO2 have been de- 
scribed in two earlier papers (12, 13). 





T T T T T ] 1 ' 1 ' q | q | 1 ! 


C'* in Respiratory CO2 of Cow 
after intravenous injection of 
C'* labeled Carbonate and 
Butyrate 
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Results 


In Fig. 1 the standardized specific activity of C™ in the expired CO, 
((microcuries of C per mole of CO2)/(microcuries of C“ injected per kilo 
of body weight)) is plotted against time after the injection of the labeled 
butyrate. The curve for the specific activity after injection of carbonate- 
C*is shown for comparison. As observed earlier with labeled acetate (14) 
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and propionate (15), the butyrate-1-C" leads to a higher specific activity 
in respiratory CO, than does butyrate-2-C". This result indicates that, 
from butyrate as well as from the other fatty acids, the carboxy] carbon js 
transferred to CO, faster than the carbon in the 2 position of the molecule. 

The maximal specific activity in CO, from butyrate-1-C™ is reached jp 
10 minutes after injection, that from butyrate-2-C™ in 30 minutes. The 
curves for specific activity in CO, from butyrate follow those from acetate 
more closely than those from propionate. 


TABLE II 


Influence of Position of Label in Butyrate on Mean C™ Level in Respiratory CO, As 
Function of Time 





— 
| 


Mean C* level in respiratory CO2* 














seo ad = Ratio of 
: — a . on mean levels 
Time after Position 1-C'* Position 2-C™ 
injection (t) eb ke i : es Le a ae? 
| Trill | TrialIX | Trial III Trial IV a 
 _ 4 * + it 
1 27.6 28.1 } 10.8 12.8 2.36 
2 | o | 25 | 98 11.4 2.10 
3 } 181 | 18.6 86 | 9.7 2.00 
6 | 12.0 11.4 | 6.3 6.2 | 1.87 
12 | 6.7 | 6.2 3.6 | 3.5 1.82 
24 | 3.5 3.2 2.0 1.9 1.72 








as ; 
* © levels are calculated as ; [ pdt, where p is expressed as 
0 


ue. per mole CO; 





ue. injected per kilo body weight 


Table II shows that the mean level of C" in the respiratory CO: for the 
lst hour is over twice as high after injection of butyrate-1-C" as it is after 
injection of butyrate-2-C™. With increasing time after injection, the two 
levels tend to become equal. The mean C" levels in CO, after injection 
of butyrate-1-C" are between the levels after acetate-1-C™ and those after 
propionate-1-C"*, 

The mean levels of C" in CO, after injection of butyrate-2-C™ are strik- 
ingly similar to those after acetate-2-C" (14) and propionate-2-C" (15). 

The relative rate of loss of the carboxyl carbon of butyrate appears to be 
between that of acetate and of propionate, while the relative rate of oxida- 
tion at the C2 position, however, seems to be nearly the same for acetate, 
propionate, and butyrate. The injected acetate amounted to only 16 per 
cent of the normal acetate in the blood; the injected propionate and butyr- 
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ate, however, were from 3 to 8 times as great as the amount normally 
present in the blood. We do not have enough information to decide 


TaB_e III 


Relative C'* Retention in Cow’s Body after Intravenous Injection of C4-Labeled 
Butyrate and Carbonate 





—_—_———— 























Butyrate-1-C™ Butyrate-2-C™“ Carbonate-C™ 
Ti ft 
ati me oer ) . ns 
Trial I Trial II Trial III | Trial IV Trial IV 
i | per —_ per oot ie cmt per cont ’ | per cent ; 
0 100 100 | 100 100 | 100 
1 | 70 68 86 | 86 42 
2 52 52 75 76 28 
3 41 40 66 70 22 
TaBLe IV 


Specific C4 Activity in Milk Constituents 


The results refer to microcuries per gm. atom of C in milk constituents per micro- 
curies injected per kilo of body weight. 
































C* in milk constituents from 

Milk constituents | Period No. bo a Butyrate-1-C™ | Butyrate-2-C™ 
| Trial I Trial II Trial III Trial IV 

hrs. r | r 
Lactose 1 3 Be 3.76 2.55 
2 10 3.07 1.33 2.24 
3 22 0.32 0.31 0.20 0.12 
4 34 0.07 0.09 0.09 0.09 
5 46 0.06 0.04 0.06 0.05 
Casein 1 3 2.02 0.52 2.64 2.14 
2 10 1.07 0.97 1.36 1.63 
3 22 0.65 0.40 0.82 0.60 
4 34 0.24 0.14 0.29 0.19 
5 46 0.04 0.09 0.10 | 0.18 
Fat 1 3 0.32 0.05 0.29 0.07 
2 10 0.60 0.51 0.49 0.31 
3 22 0.23 0.31 0.13 0.29 
4 34 0.06 0.09 0.04 | 0.09 
5 46 0.03 0.05 0.02 | 0.04 











whether or not this difference in the ratio between the injected dose and 


the average normal pool content affects the biokinetic behavior of the fatty 
acids, 
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Our cows produced 102, 137, 157, and 108 liters of CO. (0°, 1 atme 
phere, dry) per hour in Trials I to IV respectively. On the basis of thes 
metabolic rates, the C™ retention during the 3 hours after injection hg 
been calculated. The results are given in Table III. The relative retep. 
tion of carbon atom 2 of the butyrate is similar to that of carbon atom) 
of acetate (14) and propionate (15). The carboxyl of butyrate is retaingj 
for a longer time than that of propionate but not for as long a time as tha 
of acetate. 


TaBLE V 
Transfer of C* from Injected Acetate (A) and Butyrate (B) to Organic Milk 


Constituents 


Per cent distribution of total C™ in organic 
milk constituents among 


Per cent injected C% in organic 
milk constituents in 46 hrs. 
Position of C™# 
in injected faa gin Sais 


acetate or Total 


Per kilo milk Milk fat 


Lactose Casein 
butyrate J ae. oy 
A B A B A B A B A B 
1-C4 16 6 0.7;0.4| 10 37 Ss 31 79 18 
2-C4 19 22 1.1/0.8 21 38 16 38 60 19 
TaBLe VI 


Partition in Transfer of C“ from Butyrate to Milk Constituents 


Transfer via COs in per cent of total transfer 
from butyrate to 


Trial No Position Se 
Lactose Casein Fat 
hrs. 
I 1-Ci4 46 27 14 8 
II 1-C 46 7 21 7 
III 2-C'4 48 ™ 6 6 
IV 2-Ci4 48 15 6 5 





* Lactose sample lost. 


Table IV shows the specific C™ activities in lactose, casein, and milk fat 
obtained during the 2 days following the injection of the labeled butyrate. 
As in previous trials (13-15), there is a definite delay in the labeling of milk 
fat in comparison to the labeling of lactose and casein. The high specific 
activity in lactose and casein in comparison to that of milk fat is surprising. 

Table V summarizes the distribution of the C“ from butyrate in lactose, 
casein, and milk fat for a period of 46 hours following the injection. Table 
VI, calculated as described in our paper on acetate ((14) p. 377), indicates 
that only a fraction of the transfer of carbon from butyrate to organic milk 
constituents involves the carbonate pool. 
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DISCUSSION 


Our data indicate that, in the lactating cow, butyrate in contrast to 
acetate is more closely related to the synthesis of lactose than to that of 
milk fat. 

This result is in line with that of Buchanan, Hastings, and Nesbett (6), 
who fed 1-C"'-labeled acetate, propionate, and butyrate mixed with glucose 
tofasted rats, and concluded that propionic and butyric acids are converted 
to liver glycogen but that acetate is not. The latter statement is derived 
from the observation that the labeling of glycogen after acetate feeding 
could be entirely accounted for by transfer of the carboxyl carbon to sugar 
via carbonate. 

Lifson et al. (7) fed C-labeled acetate and butyrate to rats, and then 
determined the C™ excess in the liver glycogen and its degradation prod- 
ucts. In contrast to Buchanan et al. (6), Lifson and his coworkers con- 
cluded that, at least, the a-carbon of acetate can enter glycogen by a path- 
way other than COs fixation. The labeling pattern of glycogen after 
feeding butyrate-C was consistent with 8 oxidation of butyrate and trans- 
fer of carbon from butyrate to glycogen via acetate. 

Our trials indicate that a considerable part of the transfer of C from 
butyrate as well as from acetate (14) in either position 1 or 2 by-passes the 
carbonate pool. 

The comparison of the C" distribution among organic milk constituents 
after injection of labeled acetate and butyrate (Table V) reveals a radical 
difference between the metabolic behavior of butyrate and that of acetate, 
which supports the idea that a considerable part of the carbon transfer 
from butyrate to lactose by-passes the acetate pool. 

These observations, combined with earlier results of other workers, favor 
the hypothesis that the transfer of carbon from butyrate to lactose is part 
of anet synthesis of lactose rather than the result of a redistribution process 
of C atoms in a closed Krebs cycle. Blixenkrone-Mdller (16) observed an 
inerease of glycogen in cat liver perfused with butyrate. That was un- 
doubtedly a net synthesis. Since he did not use a tracer, he had no direct 
evidence that the carbon in the glycogen formed came from the butyrate. 
But the combination of Blixenkrone-Méller’s results with those of Bu- 
chanan et al. (6) and Lifson et al. (7) on rats, of those of Schambye, Wood, 
and Popjék (17) on lactating rabbits, and of our own on lactating cows 
with labeled carbon forms a rather strong case for the hypothesis that buty- 
rate participates in a net carbohydrate synthesis. 

Blixenkrone-MOller’s scheme of a transfer of butyrate to carbohydrate 
via oxidation to succinate does not fit the labeling pattern obtained by 
Lifson et al. (7); namely, an excess labeling of the 3 and 4 carbons of glu- 
cose after feeding of butyrate-3-C. Also, the more recent scheme of 
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acetone formation from butyrate by oxidation at the 3 position and de. 
carboxylation (Plaut and Lardy (18)) and the subsequent direct oxidatio, 
of the acetone to pyruvate (Sakami and Lafaye (19)) would lead to the 
prediction that injected or fed butyrate-3-C™ labels glucose in the 2 and5§ 
rather than in the 3 and 4 positions. 

Our observation, that the labeling pattern of milk constituents after the 
injection of C-1- and C-2-labeled butyrate differs markedly from that 
observed after the injection of labeled acetate, does not preclude the ; 
oxidation of butyrate if interpreted on the basis of the “two species theory” 
of Cz intermediate metabolites of Crandall et al. (20). Such an explana. 
tion, however, would indicate that the carboxyl type C2 unit is more d- 
rectly involved in carbohydrate than in fat synthesis. 

A trial is under way in our laboratory to measure directly the involve. 
ment of the acetate and the blood glucose pools in the transfer of carbon 
from butyrate to organic milk constituents. 


SUMMARY 


1. Intact normal dairy cows were injected with sodium butyrate-1-C" 
and -2-C™ in single doses ranging from 7 to 12 ye. of C™ per kilo of body 
weight. 

2. The specific activity of C in the expired CO» reached a maximum 10 
minutes after injection of butyrate-1-C™ and 30 minutes after injection o 
butyrate-2-C™. 

3. The relative rate of oxidation of the carboxyl carbon of butyrate ap- 
pears to be between that of acetate and that of propionate, and the rela- 
tive oxidation rate of the carbon in the 2 position of the molecule nearly the 
same for butyrate as for acetate and propionate. 

4. About one-third of the transfer of carboxyl carbon of butyrate to 
lactose apparently passes through the carbonate pool, and about one-fifth 
of the corresponding transfer to casein and less than one-tenth of that to 
milk fat pass via carbonate. The carbonate pool is by-passed by over 80 
per cent of the transfer of carbon atom 2 in butyrate to lactose and by over 
90 per cent of that to casein and milk fat. 

5. About 6 per cent of the 1-C™ and 22 per cent of the 2-C™ of the in- 
jected butyrate appeared in organic milk constituents. 

6. More of the 1-C", as well as of the 2-C™, of the injected butyrate 
appeared in lactose and in casein than appeared in milk fat. 

7. This pattern of labeling milk constituents differs from the correspond- 
ing one after injection of C-labeled acetate. 

8. In contrast to acetate, butyrate behaved in the lactating cow in 4 
more glyconeogenic than lipogenic manner. 

9. Our results are consistent with the participation of butyrate in net 
synthesis of carbohydrate. 
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FORMATION OF A PROTEIN-BOUND METABOLITE OF 
ESTRADIOL-16-C" BY RAT LIVER HOMOGENATES* 


By ILSE L. RIEGEL anp GERALD C. MUELLER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, February 18, 1954) 


Szego has reported that the incubation of estrone-16-C™“ with rat liver 
slices in a medium containing serum results in the labeling of both the sol- 
uble and insoluble proteins of the system (1). A similar protein binding of 
a metabolite of estradiol-16-C™ has been observed in this laboratory during 
study of the metabolism of this estrogen in fortified rat liver homogenate 
systems. The present paper concerns the enzymatic nature of this process 
as studied in a homogenate system; it has been demonstrated that an oxi- 
dizable substrate (electron donor), triphosphopyridine nucleotide, and oxy- 
gen are required for maximal activity. Studies on the mechanism of this 
reaction suggest an initial oxidative or peroxidative attack on the estrogen 
molecule, with subsequent binding of a newly formed metabolite to pro- 
tein acceptors.' A highly stable linkage appears to be formed in the bind- 
ing process, since a variety of procedures failed to release a known estro- 
gen. The possible implication of this binding process in the mechanism of 
action of estrogens is discussed. 


Materials and Methods 


Adult female rats? weighing 200 to 250 gm. were ovariectomized and 
maintained on a diet of commercial dog chow (Friskies) for 2 to 4 months 
prior to the experiments. After overnight fasting they were decapitated, 
the liver or other tissues removed immediately to an ice bath, and a 10 per 
cent homogenate was prepared in 0.154 m KCl with a Potter-Elvehjem 
homogenizer. Unless otherwise indicated, the homogenate was preincu- 
bated for 10 minutes at 38° before being added to the incubation flasks. 
This was done to decrease the amounts of endogenous cofactors (2). 

The optimal incubation medium, referred to as the complete system in 
the text, contained 0.35 ml. of 1.0 m KCl, 0.1 ml. of 0.1 m MgSOx,, 0.4 ml. of 


*This work was supported by a grant from the Alexander and Margaret Stewart 
Trust Fund, grant No. C-1897(C) from the United States Public Health Service, and 
an institutional grant from the American Cancer Society. 

The data in this paper apply to the over-all formation of a protein-bound radio- 
active metabolite of estradiol; while this process appears to consist of several reac- 
tions, the intermediate stages have not yet been isolated. 

*Holtzman Rat Company, Madison, Wisconsin. 
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0.03 m HDP,? 0.15 ml. of 1.0 m nicotinamide, 0.2 ml. of a DPN solutig 
(200 y), and 0.2 ml. of a TPN solution (200 y), in a final volume of 3.0 pj 
Typically, 10 y of estradiol-16-C" in 1.0 ml. of 0.05 m KH2PO,-K,Hp9, 
adjusted to pH 7.4 were added to the flask just prior to the addition of th 
homogenate. In all cases the hormone-buffer solution was freshly py 
pared by dissolving 500 y of the hormone in 0.25 ml. of ethyl alcohol ay 
diluting rapidly with 50 ml. of the buffer solution. The final concentp. 
tion of alcohol in the system was 0.17 per cent. Unless otherwise specifial 
the radioactive hormone obtained commercially‘ was diluted to one-fifth 
of the original activity with unlabeled hormone (0.54 yc. per mg.). 

In the experiments reported here, 30 mg. of tissue (preincubated homog 
enate) were added to each iced flask after the hormone-buffer solution, 
The flasks were incubated at 38° for 30 minutes with constant shaking in 
an atmosphere of air. At the end of the incubation period the flasks wer 
returned to the ice bath and immediately acidified with 0.3 ml. of 10y 
HCl. The contents of each flask were then extracted three times, each a. 
traction consisting of the addition of 3 ml. of distilled acetone, thorough 
shaking, followed by the addition of 4 ml. of distilled thiophene-free benzene 
additional shaking, and centrifugation into two layers. The organic e- 
tracts were pooled for total recovery and the identification of metabolite 
to be reported later. It had previously been determined that this pro 
cedure, within the limits of measurements, extracts all of the estradiol 
estrone, and estriol from aqueous solutions of these hormones. This was 
also borne out by the zero time control flasks, in which all the radioactivity 
was extracted into the organic phase. 

After the acetone-benzene extraction, the precipitation of the protein in 
the aqueous solution was facilitated by the addition of 0.3 ml. of 100 per 
cent TCA; the protein was washed once with 5 per cent TCA and twice 
each with 5 ml. portions of absolute alcohol and absolute ethyl ether. 
Further washing did not alter the specific activity of the dried protein res- 
idue. The protein was plated on tared aluminum plates and counted ina 
gas flow counter. All measurements are expressed in counts per minute 
per mg. of protein residue after correction for self-absorption and counting 
efficiency. 

The estradiol-16-C used in these experiments was repurified by chroma- 
tography on activated alumina with 3 per cent distilled methanol in dis 
tilled thiophene-free benzene as the eluting solvent. Within the exper- 


3 Abbreviations used in this paper are as follows: HDP, hexose-1,6-diphosphate; 
DPN, diphosphopyridine nucleotide; TPN, triphosphopyridine nucleotide; ATP, 
adenosinetriphosphate; TCA, trichloroacetic acid. 

4 Estradiol (-178) labeled in the 16 position with C™ (2.7 uc. per mg.) was ob- 
tained from Charles E. Frosst and Company on allocation by the United States 
Atomic Energy Commission. 
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mental error all of the counts in the sample were accounted for as estradiol 
by the carrier technique. 

“The hexose-1 ,6-diphosphate, fructose-6-PO,, fumaric acid, malic acid, 
ATP, and cytochrome c were commercial products. DPN and TPN, 
which were, respectively, 77 and 88 per cent pure, were prepared in this 
laboratory; each coenzyme was free of the other. Isocitric and phospho- 
dyceric acids were generously supplied by Dr. S. Grisolia. 

The dried protein from a number of experiments was pooled from flasks 
in which constant amounts of DPN, TPN, and HDP were used with a 30 
minute incubation period. 10 mg. aliquots were subjected to various pro- 
cedures to determine the nature of the bond between the radioactive metab- 
dite and protein. 

Ashort acid hydrolysis was carried out according to the method of Stev- 
enson and Marrian (3) for splitting conjugates of estriol. A long acid hy- 
drolysis, sufficient to hydrolyze the protein, followed the method of Levy 
and Chung (4). The method of Lieberman ef al. (5) was used for the 
Ba(OH)2 hydrolysis, and the solution was acidified to pH 2.0 with HCl 
prior to extraction. After hydrolysis the respective solutions were ex- 
tracted three times with acetone and benzene as described. The pooled 
organic extracts were desiccated and the residues plated. A fourth acetone- 
benzene extraction removed no additional radioactivity. The aqueous 
solutions remaining after the organic extraction were neutralized and cen- 
trifuged. Any precipitable protein residues and aliquots of the soluble 
phases were plated. 

The mercaptoethanol and performic acid treatments were according to 
the method of Peterson and Greenberg (6). In the formic acid procedures, 
the protein was placed in 98 per cent formic acid at room temperature 
for 30 minutes, with or without the addition of H,O2. The protein was 
then precipitated with TCA, washed with alcohol and ether, and plated. 
The soluble phase was discarded. 

For the pepsin digestion 10 mg. of protein were incubated with 2 mg. of 
pepsin in 3 ml. of 0.01 n HCl at 38° for 5 hours. A small amount of pro- 
tein was still not in solution at the end of the incubation. The solution was 
extracted four times with acetone-benzene, and the combined extracts were 
evaporated to a small volume and plated on tared aluminum plates. The 
aqueous solution was evaporated to dryness in vacuo and the residue used 
for the Raney nickel procedure. 

The Raney nickel was prepared according to Hurd and Rudner (7) by 
their method for nickel-C. The residue from pepsin hydrolysis was re- 
fuxed with about 100 mg. of Raney nickel in 5 ml. of 70 per cent ethanol 
for 17 hours. Then the nickel was precipitated from the solution by centri- 
fugation. The nickel was washed with ethanol and with water and counted 
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separately. The combined washes and original solution were evaporate 
to dryness; the residue was redissolved in 3 ml. of water and extracted four 
times with acetone-benzene as before. Both the organic and aqueoy 
phases were concentrated and plated. 


Results 


Effect of Cofactors and Substrates—In the absence of exogenous substrates 
or cofactors the preincubated homogenate binds only very small amoun 
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Fic. 1. The effect of DPN, TPN, and HDP on the labeling of liver protein withs 
metabolite of estradiol-16-C'%. System as under “Methods,” with 200 + of DPN 
200 + of TPN, and 0.4 ml. of 0.03 m HDP per 3.0 ml. of reaction mixture, where ind- 
cated. Incubation time, 30 minutes. The results are expressed as counts per min- 
ute per mg. of dried protein residue. 

Fic. 2. The effect of various substrates on the labeling of liver protein following 
incubation of homogenate with estradiol-16-C' for 30 minutes. Complete systems 
under ‘‘Methods”’ except for substitution of various substrates for HDP. 
concentrations, 0.004 m. 


Substrate 
of radioactivity originating from the labeled estradiol (Fig. 1). Maximal 
binding of an estradiol metabolite to protein occurred when the system was 
fortified with HDP, DPN, and TPN; the combination of HDP and TPN 
alone was nearly as effective as the presence of all three. 

Under the conditions of the experiment 0.004 m HDP was the optimal 
substrate concentration. The addition of 100 y of DPN to the homogenate 
system containing 0.004 m HDP gave near maximal response for this co- 
enzyme alone. The addition of varying levels of TPN to a system con- 
taining 200 y of DPN and 0.004 m HDP stimulated the binding process 
further; a maximal effect was obtained with 100 y of TPN. In subsequent 
experiments 200 7 of each coenzyme were used to assure an excess. 
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A number of other substrates were compared with HDP (Fig. 2). It 
appears that the various intermediates of the tricarboxylic acid cycle can 
grve as substrates for this reaction. When phosphoglyceric acid was used 
as the substrate, very little protein binding occurred. In this connec- 
tion, the latter substrate would be expected to provide a poor source of 
dectrons in the absence of any attempt to maintain the operation of the 
triearboxylic acid cycle. 

The requirements and response of preincubated homogenate were es- 
gntially the same as those for homogenate kept ice-cold until the time of 
incubation; only the base-line labeling in the absence of substrate and co- 
factors was higher, and in the case of phosphoglyceric acid the specific 
activity of the liver protein was slightly higher when the homogenate was 
not preincubated (20 c.p.m. per mg. versus 13 c.p.m. per mg.). 

The addition of 0.00067 m ATP to systems fortified with DPN alone, 
fructose-6-PO, + DPN, HDP + DPN, or HDP + DPN + TPN had no 
significant effect on the extent of estrogen binding. No evidence was ob- 
tained for the dependence of this reaction on high energy phosphate res- 
ervoirs. Neither the mononucleotide nor the dinucleotide of riboflavin had 
any significant effect on the labeling of liver protein when added to the for- 
tified incubation mixture. 

Linearity of Protein-Binding Process with Time—Under optimal condi- 
tis the protein-binding process in the complete system proceeds at a 
linear rate for at least 30 minutes (Fig. 3). In other experiments this rate 
was proportional to the content of liver present in the system up to 30 mg., 
fresh weight. ‘Thus, the enzymatic steps in this process appear to be limit- 
ing in the assay. 

Effect of Cytochrome c—The effect of increasing concentrations of cyto- 
chrome c on the degree of binding in the complete system is shown in 
Fig. 4. The labeling of liver protein decreased sharply until the concen- 
tration of cytochrome c was 3.3 X 10~*, at which concentration the spe- 
cifie activity had decreased from 47 to 20 c.p.m. per mg. Higher concen- 
trations of cytochrome c had little additional effect. 

Effect of Nitrogen and Oxygen—The binding process is highly dependent 
on the presence of oxygen in the atmosphere. Increasing the oxygen from 
2) to 100 per cent resulted in a higher labeling of the proteins (48 to 58 
p.m. permg.). In a 100 per cent nitrogen atmosphere the labeling was de- 
creased to 5 c.p.m. per mg. (93 per cent inhibition). 

Binding Reaction in Other Tissues—The ability of other tissues to bind 
radioactivity on incubation with estradiol-16-C™ was studied with the com- 
plete system established for liver. In the case of uterus and submaxil- 
lary gland, the specific activity of the protein was less than 10 per cent, and 
with kidney protein less than 15 per cent of that obtained with liver. These 
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results agree with those obtained by Szego (1) with tissue slices for estrom 
16-C™, 

Attempts to Release Bound Radioactivity from Protein—Experiments Wer 
carried out to determine whether or not the bound radioactivity could ly 
released from the protein and rendered extractable by the acetone-benzy 
procedure. The results are recorded in Table I. Short acid hydrolyg 
capable of cleaving glucuronides and strong hydrolysis with acid or ally} 
failed to release appreciable radioactivity which was extractable into th 
organic phase. In both the short acid and alkaline hydrolysis procedur 
a small residue remained which had the same specific activity as the pro. 
tein before hydrolysis. After long acid hydrolysis most of the radioactivity 
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Fia. 3. Labeling of liver protein following incubation of homogenate with « 
tradiol-16-C for various time intervals. Complete system as under “Methods.” 

Fia. 4. The effect of various concentrations of cytochrome c on the labeling 
liver protein following incubation of homogenate with estradiol-16-C™ for 30 minutes 
Complete system as under ‘Methods.’ 


was found in the humin residue; the recovery of the latter was low owing to 
difficulty in plating this sample. 

The failure of mercaptoethanol or performic acid treatment to releas 
the radioactivity would tend to exclude a disulfide bond between the mets- 
bolite and the protein. Similarly, digestion with pepsin for 5 hours failed t 
release an extractable metabolite. Refluxing of this hydrolysate with 
Raney nickel according to the desulfuration procedure of Hurd and Rué- 
ner (7) for splitting sulfur bonds released only 5 per cent of the activity 
into the organic extracts. 

Since the protein residues used here contained nucleic acids, it was neces 
sary to exclude the possibility that the estradiol metabolite was bound to 
the latter. For this purpose the nucleic acids were extracted from a sample 
of dried labeled protein according to the method of Schneider (8). The 
specific activity of the dried protein was 87 c.p.m. per mg. prior to hot acid 
extraction and 88 ¢.p.m. per mg. afterwards. Therefore, it seems likely 
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that the radioactive metabolite is bound to the protein rather than to the 
qecleic acid constituents. 

Bioassay of Labeled Protein—In order to determine whether the labeled 
protein had any estrogenic activity, some of the protein was made soluble 
iy short acid hydrolysis and the neutralized solution injected intrave- 
nously into ovariectomized rats. Based on the radioactivity of the protein, 
injections equivalent to 1 y of estradiol gave very slight or no indication of 
iological activity in the 4 hour uterine weight assay (9). Similarly, no 
evidence for high estrogenic activity was observed with pepsin digests or 
the crude protein-estrogen complex. 


TaBLe I 
Attempts at Releasing Bound Estrogen Metabolite from Liver Protein 


For each procedure a 10 mg. sample of dried protein was used. These samples 
vere taken from a common pool of dried protein with a specific activity of 38 ¢.p.m. 
yer mg. before treatment. Details are given under ‘‘Methods.”’ 


| Recovery in | Recovery in aqueous phase 








Procedure —— —- 3 
| phase residue Soluble 

- per cent per cent per cent per cent 
Short acid hydrolysis. . 7 15 | 61 83 
Long “* - 2 63 5 70 
Ba(OH)s hydrolysis. . . } 14 16 48 78 
Mereaptoethanol.... erties a suches 117 
Performic acid....... iy. 4 80 
Formic acid...... ais Se 103 
Se 8 
Raney nickel....... each ae ween 5 ™ 29 108 











*74 per cent of the counts were adsorbed on Raney nickel precipitate. 


Recovery of Radioactivity—Within experimental error all the radioactivity 
was accounted for among the three phases obtained (protein residue, sol- 
uble aqueous phase, and organic extracts). There was no loss of radio- 
activity in the protein washes, as shown by desiccating and plating a num- 
ber of the alcohol-ether washes of the protein. In addition, the carbon 
dioxide produced in the complete system throughout a 30 minute incu- 
bation period contained no radioactivity. 

After 30 minutes of incubation, approximately 3 to 5 per cent of the radio- 
activity in the flask was found in the protein residue; about 10 per cent of 
the counts were recovered in the aqueous phase after precipitation of the 
protein, and about 85 per cent in the acetone-benzene extracts. Pre- 
liminary analysis of the organic extracts has indicated that there is an initial 
rapid conversion of estradiol to estrone by a DPN-specific enzyme reaction; 
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by 20 minutes an equilibrium between these two compounds has been « 
tablished. In systems containing TPN as the sole electron- -transportiy 
coenzyme, this conversion is prevented; yet the binding process continy, 
at near maximal rate. It would thevebere appear that estradiol rather thy 
estrone can be the chief reactant in the binding process. No significgy 
amounts of estriol are formed in the system. Detailed studies on the idey. 
tity of other metabolites will be presented in another publication. 


DISCUSSION 


The results of these experiments demonstrate that rat liver, to a mud 
greater extent than other rat tissues tested, contains an enzyme systen 
which catalyzes the formation of a protein-bound estradiol metabolite 
The requirements of this system for an electron-donating substrate, » 
electron-transporting coenzyme (TPN), and oxygen suggest an oxidative 
or peroxidative step in the binding process. The inhibitory action of cyte 
chrome c and methylene blue’ further supports this possibility, since thes 
substances compete for electrons in the complete system. Other studies 
with inhibitors also support this concept and will be reported later. 

Similar to the peroxidative alteration of estradiol by plant laccase (10) 
it is likely that the aromatic phenolic ring of the estrogen molecule 
converted to an o-hydroquinone which would be readily oxidizable to the 
o-quinone. The latter substance, through an addition reaction character. 
istic of this type of compound (11), would be expected to combine easily 
with reactive protein acceptors to yield highly stable complexes. This 
combination could take place either enzymatically or non-enzymatically. 
The failure of procedures capable of cleaving disulfide, glycosidic, or ester 
linkages to release the radioactive metabolite for extraction into organic 
solvents is compatible with this concept. Studies are in progress to identify 
a water-soluble metabolite which is formed in the course of this reaction 
and appears to parallel the binding process. A common intermediate may 
be involved in these reactions. 

The lack of high estrogenic activity of the bound estrogen metabolite 
or the hydrolyzed product would tend to preclude this binding process as 4 
means of activating estrogens. In fact, it is more in keeping with the 
ability of the liver for inactivating estrogens. On the other hand, it is 
possible that this binding process represents a model reaction by which 
estrogens are first converted to active compounds which combine with 
specific acceptor proteins. The alteration of the catalytic activity of these 
proteins (activation or inhibition) might then precipitate the metabolic 
imbalance identified grossly as the estrogenic response. 


5 Unpublished data. 
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SUMMARY 


{. An enzyme system in rat liver is described which binds a metabolite 
of estradiol-16-C™ to protein. 

2. The requirements for maximal binding, with the homogenate system, 
are an oxidizable substrate (electron donor), triphosphopyridine nucleotide, 
and oxygen. 

3. Other rat tissues tested (uterus, submaxillary gland, and kidney) were 
nuch less effective than liver in the binding process. 

4, The bound radioactivity was not released from the protein by pro- 
edures which cleave disulfide, glycosidic, or ester linkages. 

5. The bound estrogen metabolite exhibited little or no estrogenic ac- 
tivity. 

6. The possible implication of this binding process in the mechanism of 
action of estrogens is discussed. 
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STUDIES ON MONOAMINE OXIDASE IN INTACT ANIMALS 
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This laboratory has been interested in the metabolism and function of 
ertain biologically active amines and has attempted to obtain information 
on the enzymes which operate on these amines in intact animals (1-5). 

We have previously presented evidence to define the réle of monoamine 
oxidase in the metabolism of epinephrine (6) and tyramine (2). In the 
present paper, another substrate, tryptamine, is used along with tyramine 
and epinephrine to extend these studies of monoamine oxidase in intact 
animals. 


EXPERIMENTAL 


Isotopic Compounds—The synthesis of tyramine labeled with C™ in the 
a position of the side chain has been published (2). The specific activity 
was 3.3 X 10° c.p.m. per mg. $-C"-dl-epinephrine, activity 1.1 mc. per 
mm, was purchased from Tracerlab, Inc. Tryptamine, labeled with C™ 
in the a position of the side chain, was synthesized as follows: 

Radioactive potassium cyanide! was permitted to react with gramine 
methiodide (7) and the resulting indoleacetonitrile extracted with ether 
and reduced with lithium aluminum hydride (8). The crude tryptamine 
was converted to the picrate and separated from a yellow impurity which 
was insoluble in 30 volumes of acetone and 70 volumes of water. For a 
non-isotopic sample prepared in the same manner the melting point was 
43-244°; reported 242-243° (9). 


Calculated, C 49.4, H 3.88, N 18.0; found, C 49.9, H 3.95, N 17.5 


The tryptamine picrate was converted to the hydrochloride by solution 
in hot water with the aid of a little acetone, evaporating the acetone, and 
passing through Dowex 1 (chloride form). The compound gave a single 
peak on paper chromatograms. The specific activity was 4.9 X 10° c.p.m. 
per mg. of tryptamine base. 

Metabolism of Tryptamine in Mice—A mouse injected subcutaneously 

*Supported in part by a contract with the United States Atomic Energy Com- 
Mission. 

t Postdoctoral Fellow, United States Public Health Service. 

‘Purchased from the Nuclear Instrument and Chemical Corporation, Chicago. 
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with 0.5 y of C'-tryptamine per gm. of body weight expired only 2 per coy; 
of the total C" as carbon dioxide in 4 hours. In a similar experiment j 
was found that 92 per cent of the C of injected tryptamine was excreta 
in the urine in 23 hours. 

Chromatographic and isotope dilution studies were made on the com. 
bined urine of four mice injected subcutaneously with 2 y of C'-tryptamin 
per gm. of body weight. The urine was collected at 30 minute interyak 
for 4 hours and kept frozen whenever possible. This sample containe 
about 50 per cent of the injected radioactivity. 

Chromatograms developed in butanol 80 parts, ethanol 10 parts, and 
ammonia 30 parts were dried, cut into 1 em. strips, counted, and corrected 
for background only. They showed a small peak at Rr 0.85 (due to con. 
jugated and free tryptamine) and an extremely large and sharp peak ai 
Ry 0.55 (due to conjugated indoleacetic acid). As there were no other 
significant peaks on the paper, it was presumed that the radioactivity due 
to free indoleacetic acid was obscured by that of the conjugated indole. 
acetic acid. In some other chromatograms there were two small, closely 
spaced peaks of high Rr, indicating that separation of free and conjugated 
tryptamine is sometimes possible. 

Isotope dilution assays were performed in the following manner. Free 
tryptamine was determined by adding carrier to an aliquot of the urine, 
making alkaline, and separating the tryptamine base from the acidic con- 
stituents by ether extraction. The tryptamine was purified as the picrate 
and recrystallized to constant activity from two different solvents with 
Norit. Total tryptamine was treated similarly after acid hydrolysis under 
nitrogen in the presence of carrier. Free indoleacetic acid was determined 
by adding an alkaline solution of carrier to the urine, acidifying, collecting, 
and drying the indoleacetic acid, dissolving in ether, and removing water- 
soluble impurities by several extractions with dilute hydrochloric acid. 
The indoleacetic acid was recrystallized to constant activity from three 
different solvents with Norit. Total indoleacetic acid was determined 
similarly after hydrolysis under nitrogen in 2 N sodium hydroxide in the 
presence of carrier. 

Isotope dilution analysis was performed on the same urine specimen that 
was used in the chromatograms. These data indicate the percentage of 
urinary radioactivity as tryptamine and its metabolites; they do not pro- 
vide any information relating to the quantities or specific activities of 
these compounds. The results, expressed as per cent of total urinary 
activity, were free tryptamine 0.8, conjugated tryptamine 2.6, free indole- 
acetic acid 3.3, and conjugated indoleacetic acid 93. Thus it appears 
that the sole metabolic route for tryptamine in mice, except for a small de- 
gree of conjugation, involves conversion to indoleacetic acid by mone 
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amine oxidase action. This finding justifies the use of tryptamine as a 
abstrate for monoamine oxidase in vivo. No attempt was made to iden- 
tify the types of conjugation, but by analogy to related compounds it 
gems likely that tryptamine is acetylated and that indoleacetic acid is 
conjugated with glycine. Ewins and Laidlaw (10) identified the latter 
conjugate, which they named indoleaceturic acid, in the urine of dogs fed 
large amounts of tryptamine. However, as they accounted for only 30 per 
ent of the material fed, they concluded that tryptamine is partially de- 
saded in the body. As stated above, in mice there is no significant degra- 
jation beyond indoleacetic acid. 

Evaluation of Ability of Compounds to Inhibit Monoamine Oxidase in In- 
tact Animals—We have approached this problem by two techniques in 
the past. The first was the demonstration that Marsilid? prevented the 
metabolic removal in rats of the methyl carbon of epinephrine (1). The 
gcond technique (2) involved injection of C'-tyramine into mice, preparing 
chromatograms of their hydrolyzed urine, and measuring the relative pro- 
portions of tyramine and p-hydroxyphenylacetic acid (the end-product of 
monoamine oxidase action). Marsilid and choline p-tolyl ether? markedly 
increased the relative amount of tyramine; none of the other in vitro in- 
hibitors tested had a significant effect. 

In this paper Marsilid and choline p-tolyl ether are further tested to con- 
frm these findings. Ephedrine is also used in some experiments. It is 
an inhibitor of monoamine oxidase in vitro but appears to have no in- 
hibitory activity 7n vivo. Three additional types of experiment were per- 
formed. The first involved the effect of the inhibitors on the relative 
amount of tryptamine in the urine determined chromatographically. The 
second involved the effect on the rate of metabolism of injected tryptamine 
and tyramine. The third involved the effect on epinephrine metabolism 
determined chromatographically. The three experiments follow. 

Inhibition of Monoamine Oxidase Evaluated by Degree of Metabolism of 
Tryptamine—C'-Tryptamine was administered to mice pretreated with 
either Marsilid, choline p-tolyl ether, ephedrine, or saline. The per cent 
of total urinary C™ occurring as tryptamine (free plus conjugated) in the 
urine was used as a measure of the degree of inhibition of monoamine oxi- 
dase. This was determined by paper chromatography. The methods of 

*Marsilid (1-isonicotinyl-2-isopropylhydrazine) was supplied by Dr. M. J. Schiff- 
tin of Hoffmann-La Roche, Inc. It is a powerful inhibitor of monoamine oxidase 
in vitro (12, 13). 

*Choline p-tolyl ether bromide was kindly provided by Dr. Peter Hey of the Uni- 
versity of Leeds. It is an inhibitor of monoamine oxidase in vitro (14). 

‘Tyramine, like tryptamine, appears to be metabolized in mice solely by mono- 


amine oxidase. There is a minor amount of conjugation, but tyramine is readily 
released by hydrolysis (2). 
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injection, urine collection, chromatography,® counting, and calculation g 
essentially the same as those described for tyramine (2). The results gp 
presented in Table I. 

Inhibition of Monoamine Oxidase Evaluated by Rate of Metabolism ; 
Tyramine and Tryptamine—Mice were injected subcutaneously with eithe 
Marsilid, choline p-tolyl ether, or saline and 30 minutes later were injectai 
intravenously with a solution containing 0.050 um each of radioactive tryp 
tamine and tyramine. After 90 seconds the mouse was struck on the heaj 
and immediately frozen in dry ice-acetone. The skinned frozen cares 


TABLE I 
Effect of Monoamine Oxidase Inhibitors on Tryptamine Excreted in Urine of Mice 
Inhibitor injected subcutaneously; after 30 minutes 0.5 y per gm. of C¥-tryp. 


tamine was injected subcutaneously. Urine collected 4 hours. Tryptamine deter. 
mined chromatographically. 








Inhibitor Concentration of inhibitor | atu ae ph. 
y per gm. : aa 
None 4, 5, 5, 6, 6 
Marsilid phosphate 50 | 5 
150 7 
| 300 14 
450 13, 14 
Choline p-tolyl ether bromide | 50 7,9 
100 5, 10 
| 200 7, 11, 12, 16 
Ephedrine 10 1 
50 2 
| 100 | 2 
| 200 2 





* Includes free plus conjugated tryptamine. 


was homogenized in a Waring blendor with 202 mg. of carrier tryptamine 
hydrochloride and 238 mg. of carrier tyramine hydrochloride. The cut up 
skin was added, the protein precipitated with trichloroacetic acid, and the 
strongly acid filtrate boiled under nitrogen for 15 minutes to hydrolyze the 
conjugates. After cooling and removal of trichloroacetic acid by ether 
extraction (which also eliminates radioactive indoleacetic and p-hydroxy- 
phenylacetic acids), the solution was made ammoniacal and extracted five 
times with ether. The ether extracts, which contained most of the tryp- 


* Urine of rats receiving C'*-tryptamine did not produce satisfactory chromato- 
grams after hydrolysis. However, since the conjugate of tryptamine had roughly 
the same Rr value as the free base and was well separated from free and conjugated 
indoleacetic acid, hydrolysis was not necessary. 
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tamine and only a small amount of tyramine, were added to the calculated 
amount of picric acid in alcohol. This was evaporated to a small volume, 
) ml. of water were added, and the mixture was heated to boiling. Tryp- 
‘amine picrate in nearly pure condition was obtained. The small amount 
of tyramine picrate present remains in solution. 

Tyramine was separated from the aqueous residue by four butanol ex- 
iractions. To the combined butanol extracts the calculated amount of 
pieric acid was added, and the solution was evaporated to dryness on a hot- 
late in a stream of air. 10 ml. of water were added and heated, and then 
the solution was filtered. Any trace of tryptamine picrate present re- 
mained undissolved and was filtered off. Relatively pure tyramine picrate 
aystallized from the filtrate. 

Tryptamine picrate was recrystallized by dissolving in acetone, adding 
either water or 50 per cent aqueous alcohol, treating with an adsorbent 
charcoal, filtering, and evaporating the acetone until crystallization oc- 
curred. Tyramine was crystallized successively from water, with a dif- 
ferent adsorbent each time. For both amines the adsorbent used for the 
frst crystallization was Norit, for the second Darco, and for the third, if 
necessary, Nuchar. Constant activity was usually reached after two re- 
crystallizations. Absence of any significant contamination by non-isotopic 
substances was indicated by correct melting points. The original tryp- 
tamine and tyramine solutions were assayed by conversion of known 
amounts to the picrates with the same amounts of carrier as in the experi- 
mental samples. The counts per minute at infinite thickness were used to 
calculate the per cent amine remaining unmetabolized in the mouse carcass. 

The effect of Marsilid and choline p-tolyl ether on the rate of metabolism 
in mice of simultaneously injected tryptamine and tyramine is shown in 
Table IT. 

Inhibition of Monoamine Oxidase by Choline p-Tolyl Ether with Epi- 
nephrine As Substrate—We have already reported on the inhibition of mono- 
amine oxidase by Marsilid in vivo as reflected by its effect on epinephrine 
metabolism (1). The commercial availability of labeled epinephrine of 
high specific activity made possible chromatographic studies of the in- 
fluence of choline p-tolyl ether on epinephrine metabolism. 

Rats were injected subcutaneously with 0, 2, 5, and 10 y of choline 
p-tolyl ether bromide per gm. of body weight. After 30 minutes each rat 
was injected subcutaneously with 0.4 y of 8-C-dl-epinephrine per gm. of 
body weight. Urine from each rat was collected at 30 minute intervals 
during a 4 hour period and immediately frozen. Chromatograms were de- 
veloped in butanol 80 parts, acetic acid 20 parts, and water 20 parts; they 
were dried, cut into 1 cm. strips, counted, and corrected for background 
only. The chromatograms are presented in Fig. 1. The chromatogram at 
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10 y per gm. of inhibitor did not differ significantly from that at 5 y per 
gm. Therefore, it isnot shown. It can be seen that the inhibitor caused g 
marked reduction in the second major peak, with a concomitant rise in the 
first. The second major peak is believed to be due to the urinary end. 


TaBLe II 
Effect of Monoamine Oxidase Inhibitors on Rate of Metabolism of 


Tryptamine and Tyramine in Mice 
Inhibitors injected subcutaneously; after 30 minutes 0.25 ml. of a solution cop. 
taining 0.050 um each of C'-tryptamine and C'-tyramine was injected intrayen. 
ously. Mice killed 90 seconds after the last injection. 


Per cent metabolized in 90 sec. 


Inhibitor “ = iene 
Tryptamine Tyramine 

None (saline) 72 Lost 
70 55 

71 57 

81 63 

Average... ; ; 74 58 
Marsilid phosphate, 300 y per gm. 38 45 
42 39 

30 26 

13 34 

Average. Pres i, Sete se 31 36 
Choline p-tolyl ether bromide, 100 7 per gm. 38 37 
40 49 

52 31 

54 58 

a Re eee oe ee Ee a 46 44 


product of monoamine oxidase action, because it, unlike the other peaks, 
does not occur in radioactive form in chromatograms of the urine of rats 
given methyl-labeled epinephrine. The other three major peaks, which 
are most clearly defined in the center chromatogram of Fig. 1, all retain 
the methyl carbon atom. The third peak is due to unchanged epinephrine; 
the first and fourth are unidentified, but are not products of monoamine 
oxidase action. These metabolites have been discussed more fully in 
previous papers (1, 6, 11). 
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DISCUSSION 


The chromatographic technique for evaluating monoamine oxidase in- 
hibitors 7n vivo, which had previously been used effectively with C™- 
tyramine as the substrate (2), was found to be less satisfactory with C'- 
tryptamine as the substrate. However, the inhibitors Marsilid and choline 
p-tolyl ether did produce a significant increase in the total tryptamine of 
the urine (Table I). Ephedrine, on the contrary, caused a value for total 
tryptamine which was lower than that in the controls. This finding 
seemed most readily explained as due to the inhibition of the conjugation of 
tryptamine, a process which protects the molecule from the action of mono- 
amine oxidase. This suggestion was supported by isotope dilution assays. 
The urine of a group of mice given 10 y per gm. of ephedrine and then 
treated as in the isotope dilution experiment described earlier in this paper 
showed that free tryptamine, expressed as per cent of total urinary C™, was 
1.4and conjugated tryptamine was 0.5. The values in normal mice were 
08 and 2.6 per cent, respectively. 

Both Marsilid and choline p-tolyl ether produce a definite reduction in the 
rate of metabolism by monoamine oxidase of tyramine and tryptamine 
(Table II). In normal mice injected tryptamine is metabolized about 30 
per cent faster than tyramine. There is a relatively constant tryptamine- 
tyramine ratio. Changes in this ratio caused by the inhibitors are of 
interest, but additional studies are required before conclusions can be 
drawn. 

The data of Table IT also show that tryptamine is a more sensitive indi- 
ecator of monoamine oxidase inhibition than is tyramine, as more pro- 








Fig. 1. Radioactivity on paper chromatograms of urine of rats, showing effect of 
various concentrations of choline p-tolyl ether on the pattern of epinephrine metab- 
dlites. Abscissa, position on paper, each division = 10 cm. Ordinate, per cent of 
total counts per minute on paper, each division = 10 per cent. Concentration of 
choline p-tolyl ether (micrograms per gm. of body weight) 0, 2, and 5, respectively. 
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nounced changes in its rate of metabolism are observed. No judgment 
on the relative efficacy of the inhibitors can be made, for, although Marsilid 
produced greater inhibition, its molar concentration was about 3 times 
that of the choline p-tolyl ether. 

Fig. 1 illustrates the effect of choline p-tolyl ether on monoamine oxidase 
with epinephrine as the substrate. It indicates that when monoamine 
oxidase is inhibited another enzyme system, which normally accounts for 
the destruction of less than one-half of injected epinephrine, takes over 
almost the entire metabolism. This enzyme metabolizes epinephrine with- 
out removal of the methyl carbon atom (11). 

Ephedrine did not tend to inhibit monoamine oxidase in experiments 
similar to those of Fig. 1. When rats were pretreated with ephedrine in 
concentrations ranging from 10 to 100 y per gm., there was no diminution 
of the peak due to the monoamine oxidase metabolite. With high con- 
centrations (50 to 100 y per gm.) there was an effect on the first major peak 
in the chromatograms, which was resolved into two closely situated com- 
ponents. However, with lower concentrations of ephedrine (10 to 20 
per gm.) the chromatograms were normal in all respects. 

It has now been shown, in each of several types of experiment with three 
different substrates, that Marsilid and choline p-tolyl ether inhibit mono- 
amine oxidase in living animals. No other compound tested exhibits this 
activity. 


SUMMARY 


1. Tryptamine, labeled with C™ in the a position of the side chain, has 
been synthesized as a substrate for the study of monoamine oxidase in vivo. 

2. Tryptamine injected into mice is almost entirely excreted as a con- 
jugate of indoleacetic acid. This indicates that tryptamine is metabolized 
almost entirely by the action of monoamine oxidase. 

3. In each of several types of experiment with three different substrates, 
Marsilid and choline p-tolyl ether were active as monoamine oxidase in- 
hibitors in intact animals. 
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THE OXIDATION OF GLYCOLIC ACID BY A LIVER ENZYME* 


By ERNEST KUN,}t J. M. DECHARY, anv H. C. PITOT 


(From the Department of Medicine, Tulane University, New Orleans, Louisiana) 
(Received for publication, December 11, 1953) 


The participation of glycolic acid in plant respiration has been exten- 
sively studied by Clagett, Tolbert, and Burris (1-3). Zelitch and Ochoa 
(4) recently obtained a flavoprotein of high purity from spinach leaves 
which catalyzed the aerobic oxidation of glycolate. The enzymatic oxida- 
tion of glycolate by mammalian tissues, on the other hand, received hitherto 
little attention. In a brief note, Dohan (5) reported that the O2 consump- 
tion of liver slices and homogenates was augmented by glycolate. These 
observations were confirmed by Kun (6), who demonstrated that the oxida- 
tion of glycolate to glyoxylate is catalyzed by a soluble liver enzyme. The 
present paper deals with the isolation, partial purification, and character- 
ization of glycolic acid oxidase of rat liver. The oxidation of glycolalde- 
hyde to glycolic acid by liver extracts is also briefly discussed, suggesting 
that glycolaldehyde is a probable metabolic precursor of glycolate. 

RESULTS AND DISCUSSION 

Enzyme Assay—A manometric test was developed similar to that de- 
scribed previously (6), in order to determine enzyme activities under com- 
parable conditions. When whole homogenates (prepared in 0.15 m KCl) 
were analyzed for glycolic acid oxidase, fluoride (100 um per 3 ml.) and 
malonate (60 um per 3 ml.) were added, in order to diminish interfering side 
reactions. Under these conditions (in 2 X 10-° m pyrophosphate buffer 
of pH 8.8, with 10-? m glycolate as substrate, 2 um of pyocyanine as carrier 
ina final volume of 3 ml. at 37° with air as gas phase), approximately 0.5 
M proportions of O. were absorbed, while 1 mole of glycolate disappeared 
and 0.6 to 0.8 mole of glyoxylate accumulated. Since endogenous sub- 
strates, present in whole homogenates, interfered with both glycolate and 
glyoxylate analyses, it was found necessary to remove them by dialysis 
against 0.15 a KCl (50 volumes) at 4° for 3 to 5 hours, prior to the mano- 
metric test. In the presence of fluoride and malonate the increment of 
the rate of O. uptake, upon addition of glycolate, was proportional to tissue 
concentrations within a range of 100 to 600 mg., wet weight. Fluoride and 


* This investigation was supported by a research grant (Hg980) from the National 
Heart Institute, National Institutes of Health, Bethesda 14, Maryland. 

t Present address, Institute for Enzyme Research, University of Wisconsin, Madi- 
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malonate were not required when particle-free dialyzed liver extracts wer 
assayed. The stoichiometric ratios of O. absorption, glycolate disappear. 
ance, and glyoxylate formation were not as constant in whole homogenates 
as in particle-free extracts, which circumstance limited glycolic acid oxidag 
assays in whole homogenates to approximations. 

In agreement with the observations of Zelitch and Ochoa (4), it was 
found that in the presence of H.O2, formed during the aerobic oxidation of 
glycolate, glyoxylate was partially decarboxylated in neutral or slightly 
acid hydrogen ion concentration (pH 6.5 to 7.5). Catalase prevented this 
non-enzymatic decarboxylation of glyoxylate. This decarboxylation of 
glyoxylate was almost completely inhibited when the enzymatic oxidation 
of glycolate was performed in 2 X 10-? m pyrophosphate buffer of pH 88, 
The effect of pyrophosphate may explain the accumulation of glyoxylate 
in enzyme preparations which did not contain detectable amounts of cat- 
alase, as determined manometrically according to Keilin and Hartree (7) 
and also by the absence of a Soret band in these purified liver fractions 
(Ey and Eyy). It was impossible to ascertain whether or not glyoxylate 
accumulated in a free form in the presence of pyrophosphate. With the 
analytical methods available it was not possible to distinguish between 
free glyoxylate and a possible labile glyoxylate derivative (see below, un- 
der phosphorylated derivatives). Glyoxylate was identified in deprotein- 
ized filtrates as its 2 ,4-dinitrophenylhydrazone and by the absorption spee- 
tra of the aminoguanidine (6) and diphenylamine derivatives. 

Preparation of Rat Liver Enzyme—Freshly removed rat livers (300 gm.) 
were cut into small pieces (5 to 8 mm. in diameter) and washed by suspend- 
ing the slices in 600 ml. of 0.15 mM KCl at 0°. The liver mince was filtered 
through gauze, washed once more, and homogenized in a Waring blendor 
for 30 seconds at 0-4° with 300 ml. of 0.15 m KCl (pH 7.8). The pH of 
the homogenate (500 ml.) was then adjusted to 4.8 with acetic acid, and 
the cell particles were centrifuged in the Spinco refrigerated centrifuge at 
30,000 X g for 60 minutes at 0-4°. The reddish yellow centrifugal super- 
natant fluids were combined, and the pH was adjusted to 8 to 8.5. This 
liver extract was dialyzed against alkaline (pH 8.0) distilled water in the 
cold (4°) until only traces of Cl- could be detected in the dialysate. The 
precipitate which settled during dialysis was discarded. 

The glycolic acid oxidase, present in the liver extract, was purified by 
fractionation with a saturated (at 25°) solution of ammonium sulfate as 
follows: To each 100 ml. of dialyzed liver extract, 78 ml. of ammonium sul- 
fate solution were added slowly with stirring (within 30 minutes), while 
the temperature of the extract was maintained at 0-4°. The precipitate 
was centrifuged and discarded. To the supernatant fluid 62 ml. of ammon- 
ium sulfate solution were added per 100 ml. of original dialyzed liver ex- 





tract. 


by cel 
(pH 8 
tilled 
This f 
jum st 
protei 
tion E 
60 ml. 
extrac 
contai 
This f 
ing in 
colic § 
additi 
precip 
0.2 M 
Ey 
cessiv' 
ml. of 
and d 
glycol 
follow 
hours 
The t 
tion a 
tions | 
was | 
three 
clear, 
solute 
gatior 
tein s 
band 
ance : 
under 
aerati 
Th 
sists | 
On th 
repor 
An 


Were 
pear- 
nates 


‘idase 


C Was 
ion of 
ightly 
d this 
on of 
lation 
H 88. 
xylate 
f cat- 
ee (7) 
ctions 
xylate 
th the 
tween 
V, Un- 
‘otein- 
| spec- 


) gm.) 
spend- 
iltered 
lendor 
pH of 
d, and 
uge at 
super- 

This 
in the 


The 


fied by 
fate as 
im sul- 
, while 
~ipitate 
mmon- 
ver ex- 





E. KUN, J. M. DECHARY, AND H. C. PITOT 271 


tract. The precipitate containing the bulk of the enzyme was separated 
by centrifugation and dissolved in a minimal volume of cold (4°) alkaline 
(pH 8.0) distilled water (Fraction A), then dialyzed against alkaline dis- 
tilled water until only traces of SO. were detectable in the dialysate. 
This first fractionation was repeated by increasing the amount of ammon- 
ium sulfate from 78 to 80 ml. per 100 ml. of original liver extract. The 
protein precipitate, thus formed from Fraction A, was discarded. Frac- 
tio B was precipitated from the supernatant fluid by further addition of 
60 ml. of saturated ammonium sulfate solution per 100 ml. of dialyzed liver 
extract. In the course of this reprecipitation, most of the red pigments, 
contained in Fraction A, remained in the supernatant fluid of Fraction B. 
This fraction was dissolved in a minimal volume of alkaline H.O, result- 
ing in a clear yellow protein solution. The further concentration of gly- 
colic acid oxidase from the dialyzed Fraction B was carried out by the 
addition of an equal volume of saturated ammonium sulfate solution. The 
precipitate was separated by centrifugation and dissolved in 20 to 30 ml. of 
0.2 m pyrophosphate buffer of pH 8.8. This protein solution was called 
E;. Two further protein fractions (Ej; and E;;;) were obtained by suc- 
cessive addition of 20 ml. portions of ammonium sulfate solutions per 100 
ml. of Fraction B. Each fraction was dissolved in pyrophosphate buffer 
and dialyzed free from SO, against 0.01 m pyrophosphate buffer. The 
glycolic acid oxidase was adsorbed on calcium phosphate gel from E,;; as 
follows: After dialysis against 50 volumes of glass-distilled water for 3 
hours the pH of the enzyme solution was adjusted to 7.6 with dilute HCl. 
The turbidity which may appear was not removed. To this protein solu- 
tion a suspension of freshly prepared Ca3(PO,)2 gel (8) was added in por- 
tions until the ratio of total protein to Ca3(PO,)s (in terms of dry weight) 
was 1:1. The gel was sedimented by centrifugation and extracted with 
three portions of 0.2 m pyrophosphate buffer (pH 8.8). The combined 
dear, pale yellow eluate was poured with stirring into 2.5 volumes of ab- 
solute ethanol at—10°. The precipitate was quickly separated by centrifu- 
gation at —5° and redissolved in 0.2 m pyrophosphate buffer. This pro- 
tein solution (E;y) contained no heme proteins and exhibited an absorption 
band between 470 and 496 muy, with a maximum at 492 my. The absorb- 
ance at 492 my was decreased 25 to 35 per cent upon addition of glycolate 
under anaerobic conditions. This decrease in absorbance was reversed by 
aeration. Similar reversible reduction was accomplished by hydrosulfite. 

The results of enzyme purification are summarized in Table I, which con- 
sists of a representative experiment out of twenty-eight separate runs. 
On three occasions the specific activity of Eyy was 3- to 5-fold above that 
reported in Table I. 


An inactive apoenzyme was obtained from Eyy by the method of War- 
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burg and Christian (9). The enzyme solution was acidified with dilute 
HCl to pH 4.9, followed by the addition of 2.5 volumes of saturated ammop. 
ium sulfate solution. After stirring for 30 minutes at 0° the precipitate was 
centrifuged, taken up in distilled water, and, after dialysis against slightly 
acid (pH 6.0) distilled water, reprecipitated by saturated ammonium gy. 
fate solution as described above. The precipitate was finally dissolved ip 
0.01 m pyrophosphate buffer (pH 8.8), resulting in a clear, colorless pro. 
tein solution. This protein solution did not catalyze the oxidation of 
glycolate unless riboflavin-5’-phosphate (FMN) or flavin adenine dinucleo. 
tide (FAD) was added. The results of such an experiment are summarized 











TABLE I 
Purification of Glycolic Acid Oxidase from Rat Liver Homogenates 
Preparation | Volume Ran. dl ~~ Proteint 
ml. | gm. “ei 
Homogenate (in 0.15 m KCl)......... | 500 | 81.0 (58,700) t (0.72) 
Centrifugal supernatant fluid after | 
acetic acid treatment + dialysis. . | 360 12.1 52,000 4.3 
NS PY Pere eee 160 4.2 47 ,000 | HS 
yeihige Bp the hy Ea tie Re TA | 130 | 3.8 45,000 12.0 
RARE ane. Meee peony | 45 | 0.26 7,200 28.0 
Ra Se Pew cease ates wane ak akan | Bt &sM 11,000 | 78.5 
EE i date kinlinht cate adecdorvamnds | 40 | 0.055 | 4,900 | 89.5 
Rc ttbintenceds ihaiadansatibnnie | 50 0.029 | 3,700 128.0 


* Defined as microliters of O2 absorbed in 10 minutes by the total amount of prepa- 
ration. 

¢ Microliters of O2 absorbed per 1 mg. of protein in 10 minutes. 

¢t Approximate values. 


in Table II. Although the flavoprotein nature of glycolic acid oxidase was 
clearly established on the basis of these experiments, it could not be decided 
which flavin nucleotide was the actual prosthetic group of the liver enzyme. 
Rate studies, carried out with the apoenzyme in the presence of varying 
amounts of FMN and FAD, indicated that the K,, for FMN was in the 
range of 2 X 10-° m, and the K,, for FAD approximately 5 X 10° ™. 
These relatively high values may explain the flavin nucleotide requirement 
of the liver enzyme even in an impure state (E,; required FMN for max- 
imal activity after prolonged dialysis). Similar observations were made 
by Zelitch and Ochoa on the glycolic acid oxidase of spinach leaves (4). 
It is interesting that, while the undissociated glycolic acid oxidase was not 
sensitive to iodoacetate, the recombination of the apoenzyme with flavin 
nucleotide was inhibited by this reagent. It is suggested that during acid 





treatme 
This gr 
to the 2 

Catal 


enzyme 
late, un 
eyanine 
constan 
pH 8.8 


Fi 
Sample N« 


nowrf wrr 





Each 
phate ( 
100 per 
ment, 3 


The 
ular 0: 
catalyt 
termin 
deriva 
ized in 
phena: 
nucleo 
The it 
deriva 
some ¢ 
functi 

Sub 
tion, t 
aratio 


dilute 
1mon- 
@ Was 
ightly 
n sul- 
ved in 
3 pro- 
on. of 
ucleo- 
arized 


prepa- 


3€ Was 
ecided 
zyme, 
arying 
in the 
O-* M. 
ement 
» max- 
made 
ag (4). 
as not 
flavin 
g acid 





E. KUN, J. M. DECHARY, AND H. C. PITOT 273 


treatment an iodoacetate-sensitive group of the protein became uncovered. 
This group (—SH) may participate in the binding of the prosthetic group 
to the apoenzyme. 

Catalytic Properties of Glycolic Acid Oxidase—The kinetics of the purified 
enzyme were of zero order in the first 30 to 50 minutes. The K,,, for glyco- 
late, under the conditions of the manometric test system but without pyo- 
evanine in 100 per cent O2 atmosphere, was 2.1 X 10-*m. The Arrhenius 
wnstant was 13,600 gm. calories per mole per degree, the pH optimum at 
pH 8.8 (in pyrophosphate buffer). 


TaBLe II 


Flavin Nucleotide Requirement of Apoenzyme of Glycolic Acid Oxidase 





Sample No. Additions | Activity 
| | 





pl. Or in 10 min. 





1 None 0.0 
2 | + 20 um glycolate 0.0 
3 | + 1.5 uM riboflavin 0.0 
4 | + 1.5 ‘* thioflavin 4.6 
5 | + 1.5 “ riboflavin-5’-phosphate 28.8 
6 + 1.5 ‘ flavin adenine dinucleotide 31.2 
7 + 1.5 ‘* riboflavin-5’-phosphate + 10 yum _ iodoacetate 2.4 
(added prior to flavin) 








Each flask contains 1.4 mg. of apoenzyme (prepared from Ezy), 60 um of pyrophos- 
phate (pH 8.8), and, with the exception of Sample 1, 20 um of glycolate. Gas phase, 
100 per cent O.; final fluid volume, 3.0 ml.; temperature, 37°; duration of the experi- 
ment, 30 minutes with 5 minutes equilibration. 


The activating effect of pyocyanine was previously shown when molec- 
war oxygen or ferricyanide was the terminal electron acceptor. Similar 
catalytic effect of pyocyanine was found when MnO, (10) was used as a 
terminal oxidizing agent (see Fig. 1). A number of phenazine and isatin 
derivatives were also tested for carrier activity. The results are summar- 
wedin Table III. The activating effect of pyocyanine, 2-amino-3-hydroxy- 
phenazine, and isatin-6-carboxylic acid depended on the presence of flavin 
nucleotides; thus none of these compounds could replace FMN or FAD. 
The interaction (activation or inhibition) of some phenazine and isatin 
derivatives with the catalytic effect of this flavoprotein may suggest that 
some of these substances could be inhibitors of certain physiological tissue 
functions. 

Substrate Specificity—As shown in Table IV, in the course of purifica- 
tion, the specificity of the liver enzyme toward glycolate increased. Prep- 
arations of highest specific activity (E,y) showed affinity only toward 
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Fig. 1. Effect of pyocyanine on the enzymatic oxidation of glycolic acid with Mn0, 
as electron acceptor. Each flask contains 1 ml. (1.2 mg. of protein) of Ey, 50 pxof 
NaHCoOs, 50 mg. of aqueous MnO: suspension (in 0.3 ml. volume). The reaction is 
started by tipping in 60 um of glycolate from the side arm after 10 minutes equilibra. 
tion. The reagent blank (+ pyocyanine) contains no enzyme. Final volume, 3 
ml. (made up with H.O) ; temperature,37°; gas phase,95 per cent Nz + 5 per cent CO, 


TaBLeE III 
Catalytic and Inhibitory Effects of Phenazine and Isatin Derivatives 


ul. Oc per 10 min. 





Sample No. Added compounds a 
No added FMN | + 1.0 ua FMN 

1 | None 4.1 | 214 

2 Pyocyanine 24.6 44.0 

3 | 2,3-Diaminophenazine 6.2 | Be 

4 2-Amino-3-hydroxyphenazine 8.2 30.0 

5 | a-Oxyphenazine 10.8 | 15.0 

5 | Isatin-6-carboxylic acid | 18.5 25.2 

7 | 6-Carboxyisatinophenazine 11.2 19.0 

8 | 1,2,3,4,5,10-Hexahydro-2,3-phenazinedi- | 19.3 19.0 


carboxylic acid 


Each Warburg flask contains 0.4 ml. of E111, 0.55 mg. of protein, 60 um of glycolate, 
60 um of pyrophosphate (pH 8.8). Each compound was dissolved in water and ad- 
justed to pH 8.5. 1 uM of each carrier was added (in 0.3 to 2.0 ml. volume) to the 
manometric test system. Final fluid volume, 3.0 ml. (adjusted with H.O); tempera- 
ture, 37°; gas phase, air; duration of experiment, 30 minutes. 
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glycolate and to a measurable extent toward p-lactate. The ability of the 
liver enzyme to oxidize p-lactate distinguishes it from the plant enzyme of 
Jelitch and Ochoa (4) which attacks L-lactate besides glycolate. The ex- 
perimental evidence obtained with rat liver extracts confirmed the con- 
dusions suggested by Baker (11), inasmuch as it was shown that lactic 
acid can be oxidized by flavin enzymes, distinct from the L-specific pyridino- 
protein, lactic dehydrogenase. It is unlikely that glycolic acid oxidase 
itself attacks glycolaldehyde, and the slow rate of glycolaldehyde oxidation 
by En but not by Eyy suggests that Ey contains an additional oxidase 


TABLE IV 
Substrate Specificity of Glycolic Acid Oxidase 





Enzyme activities, ul. O2 uptake per 30 min. 


Substrates, 107? m “ar 
Centrifuged 





| liver extract Fraction B | Em 
SEF oS EL Eee eee 44.1 0 0 
Glycolate. .... on | 99.5 225.0 180.0 
Glycolaldehyde. .... ee 86.0 110.0 9.0 
i-Lactate . . ee Pe 58.4 8.4 0.0 
p-Lactate ee 79.3 20.2 5.0 
Phenyl glycolate.............. ; 73.2 21.1 0.0 
d-Phenyl glycolate................ 100.1 32.5 2.0 
Diphenylglycolic acid............. | 40.2 0 0 


Centrifuged (at 4000 X g for 30 minutes) supernatant fluid of liver homogenate 
in0.15 m KCl (pH 8.5). The extract was dialyzed against 0.15 m KCl for 3 hours in 
the cold. Each flask contains an amount of extract equivalent to 0.3 gm. of fresh 
liver. Fraction B, 10 mg. of protein per flask. Ey11 = 1.7 mg. of protein per flask. 
The gas phase is 100 per cent Oz, fluid volume 3 ml., containing 10-* m pyrophosphate 
buffer of pH 8.8. Final substrate concentration, 10-2 M. 


besides the glycolic acid-oxidizing enzyme. This conclusion is supported 
by the fact that the highly purified plant glycolic acid oxidase (4) does not 
act on glycolaldehyde. 

The reverse reaction of glycolate oxidation, i.e. the reduction of gly- 
oxylate to glycolate, could not be readily demonstrated with purified liver 
preparations. A slow oxidation of ferrocyanide (5 um) was detected by 
means of the spectrophotometer when glyoxylate (3 um per 3 ml.) was 
incubated anaerobically with E;y at pH 6.0 (in 0.1 m acetate or phosphate 
buffers). The lability of the enzyme under acidic conditions made it dif- 
fieult to obtain reliable results. The reduction of glyoxylate to glycolate 
by lactic dehydrogenase and reduced diphosphopyridine nucleotide was 
demonstrated by Nakada and Weinhouse (12). It was recently reported 
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by Zelitch (13) that in plants a specific pyridinoprotein, glyoxylic reductase 
catalyzes the conversion of glyoxylate to glycolate. 

Oxidation of Phosphorylated Glycolic Acids—Glycolyl phosphate was rap. 
idly oxidized by dialyzed rat liver extracts (Fraction A). Phosphoglyeolie 
acid, on the other hand, was almost inert as substrate. More purified 
enzyme preparations (Ey11, Eyy) did not act on glycolyl phosphate, Suggest. 





Lj LJ q t ' 






300F GLYCOLYL-PHOSPHATE ~, 


. = 
2 
Wy 200° GLYCOLATE — : 
= 
a 
am | - 4 
S 


re) 
°o 
T 


PHOSPHOGLYCOLATE 








ss 








0 2 I it l 
° 10 20 30 40 50 60 
MINUTES 


Fie. 2. Enzymatic oxidation of glycolyl phosphate, glycolic acid, and phospho- 
glycolic acid. The enzyme preparation consists of 1 ml. of Fraction A (equivalent 
to 0.2 gm. of fresh liver) per flask. Final pyrophosphate concentration, 10~? m (pH 
8.8); gas phase, 100 per cent O2; substrate concent ration, 10-? m. 


Volume of reactants, 
3.0 ml. 

ng that more than one enzyme is required for this oxidation. As shown 
in Fig. 2, the rate of oxidation of glycolyl phosphate, after an initial lag 
period, was considerably faster than that of glycolate. While the main 
product of glycolate oxidation was glyoxylate, this was not the case when 
glycolyl phosphate was the substrate. Here, only traces of glyoxylate were 
formed, while detectable amounts of glycolaldehyde (0.4 um), glyoxal (0.07 
uM), formaldehyde, formic acid, and CO, were produced. The mechanism 
of oxidation of glycolyl phosphate and its possible réle in intermediary 
metabolism remain to be investigated. 
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Inhibitors of Glycolic Acid Oxidase—Glycolic acid oxidase of rat liver was 
inhibited by Cu** ions (50 per cent inhibition of E; at 2 K 10-* m CuSO, 
concentration) and by aliphatic (6) and aromatic aldehydes (50 per cent 
inhibition of E; at 2 X 10-* m benzaldehyde concentration). A competi- 
tive type of inhibition was observed by hydroxylamine (50 per cent inhibi- 
tion of Ey by 5 X 10-* m hydroxylamine in the presence of 10- m glycolate). 
Competitive inhibition of alcohol dehydrogenase by hydroxylamine has 
heen described by Kaplan and Ciotti (14). This observation may suggest 
by analogy that hydroxylamine competes with the alcohol group of glyco- 
late for the enzyme. Other carbonyl] reagents did not inhibit glycolic acid 


TABLE V 
Conversion of Glycolaldehyde to Glycolic Acid, Glyorylic Acids, and Glyozal 
by Liver Extracts 
The results are expressed in terms of micromoles. 





| Products 
Glycolalde- 
Added substances | O2 uptake |hyde disap- |} ‘tea: 3 

pearance a og Glyoxy- Glyoxa 

I ost nabs 's Smee deg an on 3.7 2.8 1.5 1.8 | 0.28 
“ OS Sa 6.7 | 5.3 | 1.9 | 0.3 | 0.23 

“ peer | 47 0.7 | 1.8 | 0.0 | 0.03 

fo + DPN + NH,OH...... | 4.9 3.6 4.0 0.0 | 0.06 





Each flask contains 1 ml. of Fraction B (28 mg. of protein) and 30 um of glycol- 
aldehyde in a final volume of 3 ml. of 0.02 m phosphate buffer (pH 7.6) with 0.1 ml. 
of 20 per cent KOH in the center well. Gas phase, 100 per cent O2; temperature, 
37°; time of experiment, 30 minutes. DPN = 1.5 um of 95 per cent diphosphopyri- 
dine nucleotide; NH2OH = 20 uM per flask. 


oxidase in concentrations at which hydroxylamine was already effective. 
Diphenylglycolic acid, which was not a substrate, also inhibited glycolic 
acid oxidase by a competitive mechanism, but was far less effective than 
hydroxylamine (50 per cent inhibition of E; by 5.2 X 10°? m diphenyl- 
glycolate in the presence of 10-? m glycolate). 

Conversion of Glycolaldehyde to Glycolic Acid by Liver Extracts—Glycol- 
aldehyde appears to be a likely precursor of glycolic acid. Breusch (15) 
first suggested that glycolaldehyde was oxidized by liver extracts. It was 
demonstrated by Racker (16) that purified diphosphopyridine nucleotide- 
linked aldehyde dehydrogenase of liver oxidizes glycolaldehyde. These 
results were confirmed in our laboratory, and it was shown that under 
appropriate conditions (see Table V) glycolaldehyde is oxidized to glycolate 
by dialyzed rat liver extracts (Fraction B). Since Fraction B contained 
also glycolic acid oxidase, the accumulation of glycolate could be demon- 
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strated only when its further oxidation was inhibited by hydroxylamine 
The slow oxidation of glycolaldehyde to glyoxal, which was not influence 
by diphosphopyridine nucleotide, was probably catalyzed by non-specific 
oxidases present in the liver extract. The formation of glyoxal from gly. 
colaldehyde does not appear to be of physiological significance. In the 
presence of glyoxalase and glutathione, glyoxal is rapidly converted ty 
glycolic acid (6). 


Materials and Methods 


The following compounds were synthetized and purified in this labor. 
tory: pyocyanine, a-oxyphenazine (17), 2 ,3-diaminophenazine (18), 2-ami. 
no-3-hydroxyphenazine (19), isatin-6-carboxylic acid (20), 1,2,3,4,5,10- 
hexahydro-2 ,3-phenazinedicarboxylic acid (21), and 6-carboxyisatinophen- 
azine by a procedure to be published elsewhere. The resolution of com. 
mercial racemic lactic acid was carried out by fractional crystallization of 
the morphine salts of the enantiomorphs and final purification obtained by 
repeated recrystallization as the Zn and Ca salts (22). d- and l-phenyl- 
glycolic acids were separated from a racemic mixture according to Gatter- 
mann and Wieland (23). Diphenylglycolic acid was prepared from benzil 
(24) and glycolaldehyde from tartaric acid (25). The Ba salt of phospho- 
glycolic acid was prepared by two methods: (a) phosphorylation of glycolic 
acid by POCI; (26) and (b) periodate oxidation of a-glycerophosphate (27), 
The two procedures yielded the same stable phosphate. Glycolyl phos 
phate was prepared from the acid chloride of glycolic acid according to the 
procedure of Lipmann and Tuttle (28). In contrast to acetyl phosphate, 
the Na salt of glycolyl phosphate crystallizes readily at 0° (pH 8.0) after 
the removal of inorganic phosphate at —20° (28). Both Na and Ag salts 
were preserved at —60° for several months. Analyses for inorganic phos- 
phate (29) and glycolic acid (30) showed that the preparation contained 
16 per cent more P than that calculated in terms of acyl phosphate. This 
excess inorganic P was not removed. The glycolyl phosphate is readily 
hydrolyzed to glycolic acid and inorganic P by 0.1 Nn HCl in 5 minutes at 
100° or in 10 to 15 minutes at room temperature. Hydroxylamine releases 
inorganic P, but the hydroxamic acid color test (in 95 per cent ethanol) 
is too faint and could not be used for colorimetric assay. Analytical 
methods for glycolic acid (either by 2 ,7-dihydroxynaphthalene or chromo- 
tropic acid (31)) are reliable only when interfering substances are pre- 
viously removed by dialysis. Glycolaldehyde and glyoxylic acid were 
determined simultaneously by the diphenylamine color test of Dische and 
Borenfreund (32). When readings are taken at 675 mu only, the glycol- 
aldehyde-diphenylamine colored product is determined, while the amount 
of glyoxylic acid can be calculated from simultaneous readings at 440 mp 
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after correction for glycolaldehyde. Glyoxal was determined by a spectro- 
photometric procedure developed in this laboratory (33). Deproteiniza- 
tio was carried out by the addition of 0.5 volume of glacial acetic acid to 
the enzyme reaction mixtures, followed by centrifugation. 


SUMMARY 


The soluble glycolic acid oxidase of rat liver was isolated and purified 
180- to 200-fold by salt fractionation. The purified enzyme catalyzes the 
oxidation of glycolic acid to glyoxylic acid by molecular oxygen. The 
oxidase was resolved to yield an inactive apoenzyme which could be reacti- 
vated by FMN or FAD. This reactivation was inhibited by iodoacetate. 
Glycolic acid oxidase in its purest form showed affinity only toward glycol- 
ate and to some extent toward p-lactate. The enzyme was inhibited com- 
petitively by hydroxylamine and to a lesser extent by diphenyl glycolate. 
In the presence of liver extracts glycolyl phosphate was rapidly oxidized, 
and glycolaldehyde, glyoxal, formaldehyde formic acid, and CO, were pro- 
duced. Phosphoglycolic acid was not oxidized. In agreement with the 
results of previous investigators (15, 16), it was found that glycolaldehyde 
is oxidized to glycolic acid by liver extracts. 


The authors are indebted to Dr. 8. Ochoa and Dr. I. Zelitch for their 
interest and courtesy by providing information on the plant glycolic acid 
oxidase prior to publication. 
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THE PURIFICATION OF HOG RENIN SUBSTRATE* 


By ARDA ALDEN GREEN anp F. MERLIN BUMPUS 


(From the Research Division of the Cleveland Clinic Foundation and the Frank E. Bunts 
Educational Institute, Cleveland, Ohio) 


(Received for publication, January 13, 1954) 


Renin, an enzyme present in kidney tissue, splits renin substrate to yield 
the pressor polypeptide angiotonin (1). Partial separation of renin sub- 
strate from other serum proteins increases the angiotonin yield, presumably 
by removing an angiotonase or inhibitory substances. Reported separa- 
tions have achieved approximately 90 per cent removal of inactive pro- 
teins (1-4). The further purification described below was undertaken 
primarily with the aim of obtaining an angiotonin preparation of increased 
yield and purity. 

The procedure is based on selective acid denaturation of inactive protein 
and the removal thereof by ammonium sulfate precipitation. 

Substrate Assay—Substrate is assayed by measuring angiotonin formed 
on incubation with renin. 1 unit of angiotonin is arbitrarily defined as 
that amount which has pressor activity equal to that of 1 mg. of a pooled 
crude preparation kept as a reference standard. This reference standard 
was roughly 1000-fold less pure than the purest angiotonin separated by 
Edman (5) when assayed by his procedure. 

Section of the sino-aortic buffer nerves and treatment with tetraethylam- 
monium chloride enhance responsiveness of dogs to angiotonin (6). Anes- 
thetized dogs thus pretreated were used for assay. In these, intravenous 
injection of 4 mg. of the reference standard caused a 40 to 60 mm. Hg rise 
of arterial pressure. 

In this study the optical density at 275 my is used to indicate the rela- 
tive purity of the angiotonin preparations. In this term, the optical den- 
sity (D)' of 10 pressor units (D},""'*) of our crude standard is 5.0; that of 
Edman’s best preparations (5) can be calculated as 0.013. The optical 
density of pure angiotonin is probably somewhat less. 

The angiotonin was formed from substrate preparations by incubating 
1.5 per cent dialyzed solutions of angiotonase-free substrate with 0.05 vol- 
ume of renin solution at pH 7.2 and at 38° in approximately 0.03 m NaCl 


* This work was supported in part by a grant from the National Heart Institute, 
National Institutes of Health, United States Public Health Service. 

} Present address, McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore. 


‘The readings were made in a Beckman model DU spectrophotometer with a slit 
width of 0.6 mm. and a 1 em. cell. 
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for 20 minutes. The pork renin solution used contained 10 mg. of protein 
which were equivalent to 20 pressor units per ml. of Goldblatt et al. (7), 
After incubation, the pH was brought to 5.6 to 5.7 with HCl and 1.5 vol. 
umes of 95 per cent ethyl alcohol were added. The mixture was allowed 
to stand 10 minutes and then centrifuged, and the supernatant solution was 
decanted. The precipitate was washed with a volume of 60 per cent aleo- 
hol equal to twice the amount of the original aqueous concentrate, and then 
discarded. The supernatant solutions were combined and evaporated at 
45° under nitrogen with reduced pressure to about 0.1 the volume of the 
incubation mixture. 5 volumes of 95 per cent alcohol were added to this 
concentrate and the mixture was allowed to stand overnight at 5° to com- 
plete precipitation of protein. This precipitate was removed by centrifu- 
gation and washed with 95 per cent alcohol and the combined alcohol go- 
lutions were evaporated as described above. A further inactive precipitate 
appeared in this concentrate upon standing overnight at —10°; this was 
removed by centrifugation. The solution was then brought to pH 1.5 to 
2.0 with HCl and again allowed to stand overnight at —10°. Another in- 
active precipitate formed which was removed by centrifugation. 

The preparation thus obtained, further characterized in the accompany- 
ing paper (8), is used for bioassay. The substrate content is calculated as 
units of angiotonin yielded per gm. of protein in the substrate preparations, 

Purification of Substrate—The procedure is outlined in Tables I and II. 
It is accomplished by four series of protein precipitations. 

Series I—Serum from 48 liters of hog blood was separated by pouring 
the clotted blood on cheese-cloth and allowing the clots to drain overnight. 
The upper fraction of the serum was collected separately from the lower, 
red cell-containing fraction. Serum yield was about 25 liters. The upper 
and lower serum fractions were treated identically but separately. The 
serum fraction was diluted with 0.75 volume of 2 per cent NaCl solution 
and adjusted to pH 6.5 with 1 m acetate buffer, pH 4, and (NH,)2SO, was 
added, while the solution was stirred, to a concentration of 1.35 m. The 
precipitate was removed by gravity filtration and then discarded. The 
substrate fraction was then precipitated by bringing the filtrate to 2.25 m 
(NH4)2SO,. It was collected by filtration, dissolved in water, and repeat- 
edly reprecipitated at 2.25 m (NH4,).SO, until the precipitate assumed a 
blue-green hue. Hemolysis or the presence of red cells in the serum neces- 
sitated an increase in the number of these precipitations, which varied from 
one to four. The precipitates from the two serum fractions were combined 
at this stage. 

Series II—The blue-green precipitate was dissolved in 3 volumes of wa- 
ter, brought to pH 2.5 with 1 n HCl, and allowed to stand at room tempera- 
ture for 1 hour. The mixture was then brought to pH 4 with 2 n NaOH 
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and (NH,4)2SO, was added to a concentration of 1.2 m. The initial 
(NH,)SO. concentration of the mixture was calculated on the assumption 
that the salt concentration of the precipitate was 2.25 m, and the volume 
of the precipitate was estimated as the difference between the volume of 
the mixture and the volume of water added. 

The thick, gummy precipitate which formed at this stage was divided 
into eight to ten portions and collected on Eaton-Dikeman filter paper No. 
193 (38.5 cm. in diameter) at 4° for 12 to 48 hours. The precipitate was 
suspended in 6 to 8 liters of water, the pH adjusted to 4.0, the (NH,).S0, 
concentration made 1.2 m, and then the suspension filtered. This extrac- 
tion was repeated five times. The extracts were combined and brought to 
225 m (NH4)2SO,. The resulting precipitate was collected upon a 50 cm. 
Whatman paper No. 50. 

Series IJI—The precipitate of Series II was dissolved in 3 volumes of 
water, the pH adjusted to 6.0, and (NH,4)2SO, added to 1.64 m. The pre- 
cipitate thus formed was removed by filtration. It was then dissolved in 
a measured volume of water, usually 1 liter, brought to 1.64 m (NH4).SO,, 
and filtered; this procedure was repeated five times. The combined fil- 
trates were brought to 2.1 m (NH,).SO, at pH 6, the precipitate was allowed 
to settle, the clear supernatant liquid was decanted, and the precipitate 
was collected by filtration through a 50 cm. Whatman No. 50 paper. 

Series IV—Table I summarizes the purification achieved by the above 
series of reprecipitations. Series I reduced the protein content to 20 per 
cent of that of serum and yielded an angiotonin equivalent to our crude 
reference standard for bioassay, although in low yield. Series II removed 
90 per cent of the remaining protein. The product, on incubation with 
renin, yielded an angiotonin with 50 times less optical density per 10 pres- 
sor units than that formed from the product of Series I. Series III effected 
removal of half the remaining protein; hence substrate content per gm. of 
protein was doubled. Angiotonin from this product has a D}},™'* half 
that of angiotonin from the product of Series II. Thus, the net purifica- 
tion effected by the three series of precipitations was about 100-fold, and 
the precipitations of Series II and III gave a product which yielded an 
angiotonin about 100 times purer than the crude angiotonin from Series I 
substrates. 

Further separation was effected (Table II) by fractionations at pH 2.5. 
These constituted Series IV. The product of Series III was dissolved in 
3 volumes of water, (NH4)2SO, added to a concentration somewhat less 
than 1.44 m, and the concentration brought to 1.44 m after adjustment of 
the pH to 2.5 with 1 n HCl. The precipitate was collected by filtration 
through an Eaton-Dikeman No. 193 filter paper, dissolved in half the vol- 
ume of water used in the first precipitation, and the precipitation repeated. 
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This precipitate, B:, was collected by filtration. The combined filtrates 
from these precipitations were brought to 1.64 m (NH4)2SOu,, and the pre. 
cipitate, Bz, was collected on a Whatman No. 50 filter paper. By increas. 
ing the (NH,).SO, concentration to 2.05 m, a third precipitate, B;, was 
formed. Each precipitate was active on bioassay. 


Electrophoretic Analysis 


The electrophoretic patterns of the preparations were observed at vari- 
ous stages in the purifications. Examples are shown in Fig. 1. 


TABLE I 
Purification of Substrate by Series of Reprecipitations 





























Series No. pH (NH4)2SO4 Original protein —— DYs units 
—_ ey = moles per l. per cont 7 iste 
I 6.5 | 1.35-2.25 20 | (10) 5.0 
II* 4.0 | 1.2 -2.25 2 | = - 2000 0.1 
ll 6.0 | 1.64-2.1 1 | 4000 0.05 





* The protein stood at pH 2.5 in 0.56 m (NH,)2SO, for 1 hour at 25° before Series 
II was started. 








TaBLe II 
Separation by Fractionations at pH 2.8 
Fraction (NH4)2SOx Protein Total units | Units per gm. Dy, sale 
moles per 1 : per cent me 7a 
B, 1.44 45 16,000 2800 0.06 
Be 1.64 47 37,000 6500 0.023 


B: 2.05 8 1,600 1600 0.1 


The precipitations of Series I removed albumin and some of the y-globu- 
lin. By fractionating a pork substrate preparation similar to that of Se- 
ries I, Plentl, Page, and Davis (2) effected a 10-fold concentration of activ- 
ity over that of serum; their electrophoretic analyses led them to conclude 
that renin substrate “is therefore identical to, or moves with the same 
electrophoretic mobility as a-globulin.” 

Our most active preparations from Series III yielded two main electro- 
phoretic peaks, one in the y- and one in the a-globulin range. This inhomo- 
geneity persisted in fractionations done over the range pH 4 to 7. From 
this it seemed likely that the two proteins were precipitating as a complex 
and that separation might be effected by precipitation at a higher or lower 
pH. The acid range was chosen for the separations of Series IV. The 
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products of these separations yielded the patterns given in Fig. 1, C, D, 
and E which show that at pH 2.5 increasing concentrations of (NH,4)S0O, 
effect increases in the proportion of a-globulin in the precipitates. Among 
these fractions, the most active as substrate was Fraction Bz which, how- 
ever, was electrophoretically inhomogeneous. Fraction Bs, the least ac- 
tive of the series as substrate, was almost wholly y-globulin. 








Fic. 1. Electrophoretic patterns of renin substrate fractions in phosphate buffer 
y= 0.1) at pH 7.8 after 82 minutes. All pictures are of the descending side, except 
F, which is ascending. A and B are fractions yielding 12,500 units and 1000 units 
per gm. of protein, respectively; C, D, and E are Fractions B,, Bs, and B; from Table 
II, and F and G are fractions at 30,000 units per gm. of protein. 


These last observations show that renin substrate is only a small fraction 
of serum a-globulin. The relative renin substrate activities (units of angio- 
tonin per gm. of protein) of serum and the most active preparations ob- 
tained in these experiments indicate that renin substrate constitutes less 
than 0.1 per cent of total pork serum protein. That it is the a-globulin 
fraction which is active was determined by sampling the globulin layers 
during electrophoresis, thus confirming the observations of Plentl, Page, 
and Davis (2). The slow y and fast a; fractions were inactive and the 
renin substrate was in the intermediate layer. 

Electrophoretic patterns of two of the most active fractions are shown in 
Fig. 1, andG. These fractions were obtained by repeated serial fraction- 
ations; the most active products of each series were combined and fraction- 
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ations repeated. The products contained y- and a:-globulin in approyi. 
mately equal amounts, and substrate activity was such that the yield gj 
angiotonin on incubation was 30,000 units per gm. of protein. 


Comment 


Since it seems that the y-globulin fraction is inert, it follows that 1 gm 
of pure renin substrate would yield at least 60,000 units of angiotonip 
Observations noted in the accompanying paper (8) indicate that pure angi- 
otonin would have a pressor activity of at least 2500 units per mg. From 
this, and an estimated molecular weight (5) for angiotonin of 2700, the 
calculated molecular weight of a renin substrate which contains 1 angio. 
tonin residue is in the order of 100,000. 


SUMMARY 


1. A method is presented for preparing from hog serum large quantitie: 
of renin substrate of high purity. 

2. Purification of substrate enhances both the yield and purity of the 
angiotonin formed by incubation of substrate solutions with renin. 

3. Renin substrate constitutes part of the a2-globulin fraction of serum, 


The authors wish to thank Dr. Lena A. Lewis and Miss Joanna Jones 
for the electrophoretic analyses, Mr. Roland Starkey for the assays, and 
Miss Mary Ann Dvorak for her invaluable technical assistance. 
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PURIFICATION OF ANGIOTONIN* 


By F. MERLIN BUMPUS, ARDA ALDEN GREEN,j{ ann IRVINE H. PAGE 


(From the Research Division of the Cleveland Clinic Foundation and the Frank E. Bunts 
Educational Institute, Cleveland, Ohio) 


(Received for publication, January 13, 1954) 


In the effort to isolate pure angiotonin, a variety of measures has been 
used. Precipitation with base precipitants (1), extraction from saturated 
salt solutions with organic solvents such as butanol (2) and phenol (3), 
and chromatography with phenol (4) have been employed with partial 
success. The preparation with highest activity per mg. of nitrogen yet 
reported was that of Edman (5), obtained by chromatography on alumina 
columns followed by electrodialysis. 

In our investigation, a further purification of angiotonin has been 
achieved on a large scale by the use of a combination of methods. Pre- 
cipitation with 5-nitrobarbituric acid gave a 2- to 3-fold purification but 
was found to be of insufficient value to incorporate in the procedure. A 
significant purification was obtained by chromatography of the crude 
preparation on Amberlite IRC-50 resin, followed by salt fractionation and 
finally extraction by 1:1 butanol-propanol and partitioning on Celite col- 
umns. Although pure angiotonin has not yet been isolated, a preparation 
of angiotonin about 23 times as active per mg. of nitrogen as that of Edman 
(5) has been obtained. 

The crude angiotonin used as starting material was prepared from hog 
renin substrate. The method of preparation of the substrate, its conver- 
sion to angiotonin, and the assay procedure on specially prepared dogs are 
described in an accompanying paper by Green and Bumpus (6). The unit 
employed is approximately equal to 0.001 mg. of the purest angiotonin 
prepared by Edman (5). 


EXPERIMENTAL 
Determination of Purity of Angiotonin 


One of the methods for determining the purity of the angiotonin realized 
by the successive steps was the comparison of optical density readings at 
275 mu. The term, D}?;"n"'*, used throughout this paper, represents the 


* This study was supported in part by a grant from the National Heart Institute, 
National Institutes of Health, United States Public Health Service. 

t Present address, McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore. 
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optical density readings' at 275 my of a solution containing 10 units of 
angiotonin per ml. 

One-dimensional paper chromatography, the ascending method with 
phenol-water as the developing agent, was used to determine purity of 
some of the preparations. The peptides were visualized by spraying the 
dried papers with ninhydrin solution. 

Electrophoresis on paper as described by Goa (7) was also used. Good 
separation was achieved by electrophoresis for 6 hours at 320 volts, by use 
of strips of Whatman No. 1 paper 14 X 1.5 inches which had been mois. 
tened with acetate buffer, pH 4.0, of ionic strength 0.05. The paper strips 
were air-dried and cut in half lengthwise. One half was sprayed with 
diazotized sulfanilic acid; the other was cut according to color and eluted 
with water, and the eluates were assayed for activity. 


Precipitation of Angiotonin with 5-Nitrobarbituric Acid 


To 200 units of a crude angiotonin preparation dissolved in 10 ml. of 95 
per cent ethyl alcohol were added 2 ml. of a saturated alcoholic solution of 
5-nitrobarbituric acid. The white precipitate which formed immediately 
was removed by centrifugation and suspended in 10 ml. of water, The 
suspension was saturated with sodium chloride and extracted twice with 
equal volumes of n-butanol. The angiotonin was recovered from the 
butanol by extraction with an equal volume of water. The recovered 
angiotonin accounted for 80 to 100 per cent of the original activity, with 
a purification of 2- to 3-fold. 


Purification of Angiotonin by Ion Exchange Chromatography 


The resin used in these experiments was Amberlite IRC-50 obtained 
from Rohm and Haas Company, Philadelphia. Satisfactory results were 
obtained with the bead forms; the latter were used throughout this work. 
The capacity of this resin for angiotonin is greatest in the range pH 4.0 to 
6.5, although adsorption occurs at any pH below 6.8, the isoelectric point 
of angiotonin. Both acidic and basic eluents can be used, but, since angio- 
tonin is unstable above pH 7.5, only acid elution is practical. 

For these experiments the resin was washed with acid, cycled through 
the sodium form, and finally adjusted to pH 6.5. To approximately | 
liter of dry resin were added 2 liters of 1 N HCl arid the mixture was shaken 
15 to 20 minutes. The acid was decanted and the resin washed three 
times with 2 liter portions of water. The resin was then allowed to stand 
overnight in an excess of 1 nN NaOH; the base was decanted and the resin 
washed with distilled water into a tube, 50 em. long and 4 em. in diameter 


! All readings were made on a Beckman model DU quartz spectrophotometer with 
alem.cell. The slit width was kept constant at 0.6 mm. for all readings. 
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with the bottom end drawn to 7 mm., for continuous washing. Distilled 
water was passed in at the bottom and percolated up through the resin at 
q rate slow enough to avoid floating solids over the top of the tube. This 
was continued until the overflowing water reached pH 8.0. The bottom 
section of the resin column, which had adsorbed any traces of heavy metal 
cations in the wash water, was discarded. The resin was finally washed 
with sodium phosphate buffer of pH 6.5 until the effluent reached pH 6.5. 
Resin prepared in this way is slightly soluble in 0.1 N sulfuric acid. 

10 ml. of angiotonin solution containing 5700 units of activity and of a 
purity of D27s'm,. 0.09 were passed through a column 7 mm. by 90 mm. in 
9) minutes. The column was then washed with 10 ml. of water. The 
angiotonin was eluted with 0.1 N sulfuric acid which passed through the 
column at a rate of 0.5 ml. per minute. The first 30 ml. of eluate contained 
4500 units (79 per cent of total activity adsorbed on column). The next 
35 ml. of eluate contained 300 units (5.3 per cent of total). Further elution 
yielded insignificant amounts. The first two eluates were combined, ad- 
justed to pH 6.0, and evaporated to about 5 ml. The degree of purifica- 
tion achieved was from D}7,"ni* 0.09 to Dj nit* 0.025. 


Purification of Angiotonin Preparations by Fractional Precipitation With 
Sodium Chloride 


It was found that crude angiotonin preparations can be fractionated in 
acid solution by increasing concentrations of sodium chloride. 

100 mg. of sodium chloride were added per ml. of angiotonin solution at 
pH 1.8 and at approximately 5°. The precipitate was removed by centrif- 
ugation (cold). The pH of the supernatant solution was then brought to 
1.0 and further fractionations were made by the addition of 50 mg. of NaCl 
per ml. of solution. It was usually necessary to readjust the pH of the so- 
lution after each addition of salt. The final precipitate was formed by 
bringing the solution to salt saturation and adding 10 per cent trichloroa- 
cetic acid until no further precipitation occurred. In some instances the 
final supernatant solution contained some activity which could not be pre- 
cipitated by further addition of trichloroacetic acid. Most fractionations 
were carried out on solutions containing about 1000 units of angiotonin 
activity per ml. 

Table I shows the results of the fractionation of angiotonin preparations 
at two different levels of purity. When the starting material had a purity 
of Dip; n* 0.03, approximately 60 per cent was recovered in a state pure 
enough for partition chromatography. Cruder preparations required sev- 
eral salt fractionations to bring them to this degree of purity. The over- 
all recovery was good, usually 95 per cent or better. 

Repeated salt fractionations of angiotonin of DRE 0.01 did not de- 
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crease its ultraviolet absorption at 275 my appreciably; however, samples 
containing 9500 units per mg. of nitrogen have been obtained by two addi. 
tional fractionations. 


Distribution of Angiotonin in Butanol-Propanol-Hydrochloric Acid- 
Sodium Chloride System 


The solvent was prepared by shaking equal volumes of 0.1 N HCl soly. 
tion and a 1:1 butanol-propanol mixture in a separatory funnel. The re. 
sultant aqueous phase was at pH 1.18. The differing salt concentrations 
were obtained by adding salt to the acid phase before equilibration with the 


TABLE I 
NaCl Fractionation of Angiotonin 





172,000 units, purity Dj’, units 28,000 units, purity D}f, unite 
7 


NaCl added = 0.026 = 0.067 








| 
| pH | Units (Percent pD'® units pH Units Per cent D'® units 
| 

















| x< 10-3 total 775 My xX 10-3 total | “2s mp 
i még. poner : yeaa | 7 2 
100 | 1.8} 2.7 | 1.60.11 | 1.8 | 3.46 | 12.35 | 0.11 
150 1.0 | 37.9 | 22.0 | 0.033 | 1.0) 6.63 | 23.65 | 0.061 
200 11.0 | 62.1 | 36.1 | 0.016 | 1.0} 9.41 33.60 | 0.035 
250 1.0} 41.7 | 24.2 | 0.014 | 1.0) 4.61 | 16.43 | 0.03 
300 1.0 | 11.0] 1.25 | 4.45 | 0.054 
Saturation and trichloro- | 14.1 | 8.2 | 0.027 | 0.13 0.45 | 0.1 
acetic acid | 
Supernatant | 5.5| 3.2 | 0.97 | 3.47 | 
| Car —— a er. | 
Recovery.............. | | 164.0 | 95.3 | | 26.46 | 94.40 | 





organic phase. 15 gm. of salt made up to 50 ml. in 0.1 Nn HCl were assumed 
to be a saturated solution at room temperature. This solution was diluted 
and the pH readjusted to 1.18 before each equilibration. In Fig. 1, the per 
cent activity in the organic phase is plotted against the per cent saturation 
of the aqueous phase by sodium chloride. 


Purification of Angiotonin by Partition Chromatography 


A supporting medium of Celite 545 was chosen for the column be- 
cause it has large enough particle size for rapid solvent flow through the 
column and contains little adsorbed soluble material. Of greatest impor- 
tance, however, is that angiotonin can be quantitatively recovered from it. 

The solvents were prepared by equilibration of equal parts of 1:1 bu- 
tanol-propanol and 0.1 Nn HCl containing 7.5 gm. of NaCl per 100 ml. of 
solution. The pH of the aqueous phase after equilibration was 1.2. 
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Before use, the Celite was washed with water, then with absolute ethanol 
yntil the alcohol wash was colorless, and then dried at 110°. 100 gm. of 
prepared Celite 545 were mixed thoroughly with 85 ml. of the aqueous 
phase by stirring (mortar and pestle) for 30 to 60 minutes. The organic 
phase was then added to form a slurry suitable for pouring. Approxi- 
mately 80 per cent of this material was transferred by decantation in six to 
ght portions into a tube 2.3 cm. X 80 cm. with a sintered glass disk at the 
bottom. Each portion, after being stirred to remove air, was packed 
tightly first with air pressure (15 cm. of Hg) and finally tamped firmly with 
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Fic. 1. Distribution of angiotonin between butanol-propanol and aqueous NaCl 
at pH 1.18. The salt concentrations indicated on the abscissa are those of the pre- 
pared acid phase before equilibration with the organic phase. 

Fic. 2. Partition chromatography of angiotonin. The solvent system was bu- 
tanol-propanol equilibrated with 0.1 n hydrochloric acid containing sodium chloride. 
The supporting medium was Celite 545. Samples of 3.5 ml. were collected. 


a plunger, one end of which fitted snugly in the column. At all times a 
layer of organic phase covered the Celite. The column prepared in this 
manner was 42 cm. long. The mobile phase (organic phase) was passed 
through the column until no more droplets of the aqueous phase appeared 
in the effluent. The rate was adjusted to 10 ml. per hour by a capillary 
tube at the exit. 

A sample of angiotonin of D}?;* 0.01 purity was extracted by the or- 
ganic phase from a saturated NaCl solution at pH 1. With angiotonin of 
this purity, 1000 to 2000 units per ml. passed into the mobile phase. When 
cruder samples were used for extraction, a solid appeared at the interface, 
making it difficult to obtain quantitative recovery into the butanol-pro- 
panol, 
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When the level of the organic phase had just reached the Celite surfag 
5 ml. of the organic phase containing 10,200 units of angiotonin were car. 
fully pipetted onto the column. When this had just drained into the gy. 
face, 3 ml. of the organic phase were added and allowed to drain to the gy. 
face. This latter step was repeated once and then the column was fille 
with the organic phase. Samples of 3 ml. were collected with an automatic 
fraction collector. 2 ml. of petroleum ether were added to each sampk 
and it was then extracted twice with 3 ml. of water. The combined water 
extracts were extracted with 2 ml. of petroleum ether and the remaining 


TABLE IT 
Stepwise Purification of Angiotonin 


DE yale Units per mg. N | Per cent recovery 

Angiotonin from incubation and 

acid. clarification (Green and 

fk 0.05-0.07 500— 600 
Adsorption and elution (IRC-50)..| 0.025 2,500 70— 80 
NaCl fractionation*............ : 0.01 3, 800—5 , 200 95 (total) 
Extraction in butanol-propanolf... 0.01 6 ,000~7 ,000 90-100 

“ " . t...| 0.01 9,000 90-100 


Partition chromatography§........ 15,000 95 








* When the starting material was of Dismay 0.02 to 0.03 purity, the recovery in the 
Dis'mp 0.01 fraction was 40 to 60 per cent. 
+ By extracting angiotonin of Dim 0.025 purity obtained from elution of An- 


berlite IRC-50. 
0 unite 


t By extracting angiotonin of D3; my, 9.01 purity obtained from NaCl fractiona- 
tion. 


§ Approximately 60 per cent of the angiotonin obtained from the column was in 
fractions of this purity. 


petroleum ether was removed by a stream of nitrogen at about 50°. These 
samples still contained propanol but could be assayed in a 1:5 or greater 
dilution without further evaporation. 

Fig. 2 shows a typical fractionation on a partition column. Samples 
33 to 36 inclusive contained a total of 7400 units (72.5 per cent) of a purity 
equal to or better than 14,000 units per mg. of nitrogen. The following 
four samples contained 1850 units more which could be recycled for further 
purification. Total recovery equaled 91 per cent. 


DISCUSSION 


In Table II is shown the stepwise purification of angiotonin from a purity 
of 600 units to 15,000 units per mg. of nitrogen. Both chromatography 
on Amberlite IRC-50 and the sodium chloride fractionation removed tyro- 
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ine-containing peptides as evidenced by decrease in ultraviolet absorp- 
jon at 275 mu. The optical density at 275 my for 10 units of angiotonin 
gemed to reach a constant value at about 0.01. 

Since many peptides have similar, high Ry values in phenol, paper 
chromatography with this developing agent is not definitive of homogene- 
ty. However, the method indicates here that considerable purification 
igs been achieved. The relative purity of three different angiotonin prep- 
yations is illustrated in Fig. 3. Area 1 indicates the presence of at least 
three components in a crude angiotonin preparation. Purification on the 
IRC-50 resin column yielded an angiotonin with a minimum of two com- 
ponents as shown in Area 2. Partition chromatography produces samples 
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Fic. 3. Paper chromatography of angiotonin with aqueous phenol as the develop- 
ing solvent. In all cases angiotonin is the spot at the solvent front. 

Fig. 4. Zone electrophoresis of angiotonin. Spots A and C contained active 
angiotonin. 


of angiotonin of such purity that only one spot appeared on paper chroma- 
tograms developed with phenol (Area 3). 

Zone electrophoresis (Fig. 4) shows that the best angiotonin obtained by 
sodium chloride fractionation (Strip 1) contains at least two histidine-con- 
taining peptides, while that from the partition column contains only one 
(Strip 2). 

SUMMARY 


1. A large scale purification method is reported which utilizes sodium 
chloride fractionation, adsorption on and elution from Amberlite IRC-50, 
and finally partitioning on a Celite column with a butanol-propanol-so- 
dium chloride-acid solvent system. 

2. By phenol paper chromatography, zone electrophoresis, and the con- 
stancy of the nitrogen content of the purest samples, the angiotonin from 
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the Celite column seemed to consist of one substance. 
the best samples could not be induced to crystallize and since the purity 
of the active samples obtained from the column varied from one end of the 
peak to the other, our best angiotonin possibly contains inactive peptides, 


However, sing 


The authors wish to acknowledge the assistance of Mrs. Ruth Wright, 
Miss Joy Bailey, and Mr. Roland Starkey in the performance of this work. 
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NON-FIBROUS DESOXYPENTOSE NUCLEOHISTONE FROM 
LIVER 


Il. SEDIMENTATION AND ELECTROPHORETIC PROPERTIES 


By DONALD W. KUPKE,* NOREEN T. ELDREDGE, anv J. MURRAY LUCK 
(From the Department of Chemistry, Stanford University, Stanford, California) 


(Received for publication, January 16, 1954) 


Ina previous communication on the preparation and composition of non- 
§brous desoxypentose nucleohistone (DNH) (1) it was reported that liver 
DNH may be extracted with m NaCl to give solutions which are not highly 
viscous and which yield on dilution fine cloudy precipitates instead of the 
conventional fibrous masses. The viscosity (.p./c at 25.4°) for a 1 per 
gent solution of non-fibrous DNH in 0.005 m NaCl was 38, while fibrous 
DNH, 0.2 per cent, in 0.002 m citrate gave a corresponding value of 500. 
Int m NaCl, values of 134 and 1010 were obtained for 1 per cent solutions 
of non-fibrous and fibrous DNH, respectively. Intrinsic viscosities, deter- 
nined by Dr. R. S. Welsh, were found to be 830 and 758 for the fibrous 
product (dissolved in 1 m NaCl and 0.002 m citrate, respectively) and 202, 
447, and 29.7 for the non-fibrous product (dissolved in 1 m NaCl, 0.005 m 
NaCl, and water, respectively). 

Both the non-fibrous and the fibrous forms were chemically similar and 
were obtained in comparable yield from different liver samples; however, 
the non-fibrous product was appreciably more free of the usual liver con- 
taminants and was far more soluble from the lyophilized state. The non- 
fibrous product was not multidisperse in the ultracentrifuge and exhibited 
oly one boundary of major proportions in strong salt solutions, thus mili- 
tating against the possibility that it arose as a result of random depolymeri- 
ation. This observation, coupled with the low viscosity in 1.0 m NaCl, 
suggested a distinctly different form of DNH which heretofore has not been 
studied. 

It was of interest, therefore, to examine this non-fibrous preparation in 
the ultracentrifuge in greater detail. Accordingly, sedimentation experi- 
ments were carried out to determine the effect of purification, protein con- 
centration, and ionic strength on the behavior of the principal boundary. 
In addition, some attention was given to the components of the two minor 


*Present address, Institute for Physical Chemistry, University of Upsala, 
Sweden. 

‘Other non-fibrous preparations extracted with salt solutions of low ionic strength 
are presumably not the same, since they exhibit the usual fibrous properties when 
dissolved in 1 to 2m NaCl (2). 
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boundaries which were invariably present in these DNH preparations j 
solution. Companion studies of the electrophoretic properties of the ng. 
fibrous product were also clearly indicated. 


Methods 


Sedimentation was carried out in a Spinco model E ultracentrifug. 
The sedimentation rate was corrected to that in a medium of water at 9 
(s20,0) according to the standard correction equations of Svedberg anj 
Pedersen (3). A value of 0.658 ml. per gm. was used for the partial specif 
volume, since our DNH was quite comparable to that of Carter and Haj 
(4) in desoxypentose nucleic acid (DNA) content. Preliminary results 
our own indicate that the anhydrous partial specific volume of our DNHjs 
quite close to this value. The sedimentation rates determined in solutions 
of high salt content, which are reported later, will possess a degree of wp. 
certainty. The DNH for each run was dissolved from the lyophilized 
state in water and brought to volume after adjustment of ionic strength 
and pH. Stored solutions of DNH showed changes in sedimentation be. 
havior after 3 to 4 weeks; therefore, the DNH was studied 1 to 4 hours after 
being dissolved. The pH of the solutions ranged between 6.4 and 64, 
Buffers were not used, since the pH could be readily maintained in this 
region within 0.1 unit. Also, the s2o,,. of the principal boundary was not 
found to vary between pH 5.5 and 7.7; above pH 9.0, however, changes in 
the sedimentation diagram became apparent. 

The terminally purified preparations? contained between 16.7 and 169 
per cent nitrogen and between 4.13 and 4.19 per cent phosphorus on a dry 
weight basis. Terminal purification was achieved by dissolving the lyophil- 
ized preparations in water, centrifuging out the undissolved heavy ma- 
terial, and dialyzing 24 to 48 hours against water; with the dialyzable light 
impurities thus removed the preparations were reclarified in the centrifuge 
and again lyophilized. This cycle was repeated until the above limiting 
nitrogen and phosphorus values were obtained. On occasion, the DNH 
was also precipitated in 0.14 m NaCl before the dialysis step. Phosphorus 
analysis was used for determining the total nucleoprotein concentration o 
the solutions for sedimentation. Five preparations obtained in this way 
were found to be very closely comparable in N and P content and to have 
the same $29,,, values. 

Electrophoretic experiments were carried out in the Tiselius apparatus 
at 0.6° in the standard manner. The conductivity and pH measurements 
were made on the equilibrated buffer used for electrophoresis. The con- 
ductivity was measured at 0.6° and the pH at 25°. 


2 “Terminally purified’”’ applies to those preparations the phosphorus and nitr0- 
gen content of which could not be further increased by additional cycles of the puri- 
fication procedure described. 
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Results 


Effect of Purification—Initially it was noted that the 820, of the major 
pundary in 1 M Na@l fluctuated considerably from one preparation to 
uother and also for a given preparation at different purification stages. 
The scatter in data was apparently not simply due to differences in the 
proportion of the major component in the various samples. Plots of 820,» 
ersus total nucleoprotein concentration were roughly parallel, giving rise 








o divergent extrapolated rates (Fig. 1), whereas the plots should have 
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Fig. 1. Effect of ‘‘terminal purification’’ on sedimentation constant of DNH 


converged at high dilution if there was simply a difference in the proportion 
of major component from sample to sample. The sedimentation diagrams 
were very similar, but some differences in the relative boundary spreading 
were observed. The preparations which were terminally purified,? on the 
other hand, showed essentially the same S20... values, and these were lower 
than those for any of the less purified samples. In general, the 820, pro- 
gressively decreased in parallel with the increase in nitrogen and phosphorus 
content, as terminal purification was approached. Lipides formed the bulk 
of the material removed from the DNH by the above purification pro- 
cedure (1) (except for denatured protein). These lipides contained ap- 
proximately 1 per cent phosphorus and only traces of nitrogen. Repeated 
precipitation of the DNH in 0.14 m NaCl and resolution in water or 1 M 
NaCl failed to remove the lipides. Since DNH is quite obviously aggre- 
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gated in 1 m NaC), as is shown later, the intimate presence of these lipides 
and perhaps of other removable substances not identified might easily alte 
the aggregation state and therefore the sedimenfation behavior. hj 
possibility was not further explored. 

Effect of Ionic Strength—Marked changes in the sedimentation behayig 
of the major component (hereafter designated as Boundary A) were note 
during preliminary experiments at different ionic strengths. This was ¢. 
pected since DNH precipitates at intermediate NaCl concentrations. The 
sedimentation experiments described here were carried out in both the high 
and low NaCl concentrations at which the DNH was sufficiently solybj 
for ultracentrifugation. A uniform nucleoprotein concentration was maip. 
tained ; the analytical values ranged from 1.01 to 1.04 gm. per 100 ml. The 
NaCl concentration in the region of high ionic strength wherein the DN 


was soluble was varied from 2.5 through 0.5m. The appearance of Bound. }\ 


ary A (Fig. 2, a) was very sharp above 1.5 M NaCl, but broadened progres. 
sively and became irregular as the salt concentration was reduced (Fig 
2, b, c, and d). Meanwhile, the s2,,, increased slowly with decrease of 
ionic strength, but as the precipitation zone was approached the increag 
in rate was very pronounced (Fig. 3). Below 0.75 m NaCl, the peak became 
so rounded and irregular (Fig. 2, d) that only its approximate center was 
used for rate measurements. It seemed quite evident in this ionic strength 
region that more than one particle species was present in the over-all 
boundary. The leading edge spread rapidly and the peak at higher speeds 
often showed two or more small humps on the crest at the end of the run. 
The absence of sharply differentiated boundaries near this precipitation 
zone suggests an equilibrium between the aggregated particles which is 
neither fast nor slow compared to the sedimentation speed ((3) p. 28). 
Photographs showing the change in Boundary A appearance with decreas 
of ionic strength are given in Fig. 2, a, b, c, and d. 

It has been shown by Schachman and Lauffer that at solvent densities 
significantly greater than that of water, as was the case in some of the above 
NaCl solutions, an uncertainty in the s29,,, exists because of possible differ- 
ences in density between solvent and solvated portion of the protein (5), 
The standard correction equations are derived on the basis that these densi- 
ties are equal. However, this density correction, if known, should have 
little effect on the general shape of the principal curve in Fig. 3. 

A small trailing boundary, which we have designated as Boundary B, 
appeared in the runs below 0.875 m NaCl. The s20,. of the sedimenting 
particles in Boundary B was fairly constant at different salt concentrations 
when not sedimenting too close to Boundary A; these s29,,, values are also 
plotted in Fig. 3. Boundary B may be seen in Fig. 2, d and e. 

Some runs were also carried out in NaCl solutions above 2.5 m. These 
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e lipides} golutions, however, showed an initial haziness, and a small amount of 
ily alte} material was sedimented out during the acceleration period. None the 
r. This Jess, Boundary A appeared to be unaffected. In 4 m NaCl the rate of 
Boundary A was 5.72 Svedberg units (S), indicating that very little change 
ehavie} jn rate takes place above 2.0 m NaCl. Indeed, there was no salting out of 
re notall DNH as such, even in saturated NaCl solutions. A precipitate of histone 
Wasex-f chloride likewise failed to appear. 
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-. ., | Nucleoprotein concentration, 1 per cent; velocity of centrifuge, a to c, 59,780 r.p.m., 
pitation dtof,39,460 r.p.m. The sedimentation proceeded from left to right. a, 2.0m NaCl, 
which is } sedimentation time 84 minutes; b, 1.0 m NaCl, sedimentation time 75 minutes; c, 
| p. 28). | 0875 a NaCl, sedimentation time 59 minutes; d, 0.625 m NaCl, sedimentation time 
decreas: | 104 minutes; e, 0.005 m NaCl, sedimentation time 65 minutes; f, distilled water, 
sedimentation time 71 minutes. 

- Fic. 3. Plot of sso, versus NaCl concentration for principal boundary and trailing 
lensities boundary where visible. Nucleoprotein concentration, 1.01 to 1.04 gm. per 100 ml.; 
1e above | pH 6.4 to 6.6. 

le differ- 
tein (5). The experiments at low ionic strength were made in 0.015, 0.010, and 
se densi} 0.005 m NaCl and in water. All solutions of low ionic strength showed one 
iid have} major boundary which spread rapidly and became less regular as the ionic 
strength was increased. The s20,,. increased sharply with each succeeding 
dary B,} 0.005 m NaCl increment. This major boundary has also been designated 
menting} as Boundary A, since its proportion and behavior paralleled that of Bound- 
trations} ary A in the high ionic strength series. Again a small trailing boundary 
are als} which sedimented near Boundary A was evident; the degree of separation 
was greater as the ionic strength was increased. The sedimentation rate 
Thes } of this trailing boundary was fairly constant over the entire range and 














300 NON-FIBROUS DNH FROM LIVER. II 


the so, values were very similar to those of Boundary B in the high 
ionic strength experiments. We have, therefore, designated this bound. 
ary alsoas Boundary B. The value for Boundary B in water could only 
be roughly estimated. Two sedimentation diagrams for this low jonije 
strength series are shown (Fig. 2, e and f). 

A slow moving diffuse boundary was invariably present near the menis. 
cus over the entire range of ionic strength. This boundary, besides being 
very small, flattened so extensively before clearing the meniscus that rate 
measurements could not be made. We have designated this as Boundary 
C (see Fig. 2). 

No attempt was made to evaluate from the sedimentation diagrams the 
relative concentrations of the three components making up these bound. 
aries. The uncertainty in ascribing the proper area to each gave rise to 
widely differing results. Schachman and Harrington (6, 7) have recently 
demonstrated that the Johnston and Ogston interpretation (8) for the 
anomalous area results of sedimenting mixtures is essentially correct. In 
particular, it would not be possible to determine the true areas of Bound. 
aries A and B from our studies. 

Effect of Protein Concentration—The variation of 899 ,.. of Boundary A with 
total nucleoprotein concentration was studied at four different ionic 
strengths; the solvents were 2.0, 1.0, and 0.005 m NaCl and distilled water, 
From the preceding experiments at a single protein concentration, the s», 
showed a pronounced dependence on ionic strengths below 2.0. This fact, 
coupled with the changing appearance of Boundary A, led us to suspect 
that the s2,,, would also show differences at infinite dilution with different 
salt concentrations. According to the standard correction equations, a 
difference in the extrapolated s2o,,, values with various media implies an 
alteration in particle size and shape (or hydration). The results are shown 
in Fig. 4 as a plot of the soo,,, against total nucleoprotein concentration, 
along with the calculated lines of regression for each ionic strength series. 
The latter were fitted to the data by the method of least squares. The 
equations for these lines were as follows: 2.0 mM NaCl, 800, = 8.61 — 3.15 
c; 1.0m NaCl, so, = 13.2 — 4.54 c; 0.005 m NaCl, 50, = 20.0 — 5.49 
c; water, S29... = 10.05 — 0.59 c, where c refers to the nucleoprotein concer- 
tration in gm. per 100 ml. A possible density effect, referred to earlier, 
lends some uncertainty to the extrapolated s»,,, values in 1 and 2 ™ 
NaCl, but this is probably minor compared to the large difference in it- 
tercepts of these two series. It is evident, therefore, that the particles of 
material which constitute Boundary A are substantially different in 1 and 
2m NaCl. From Fig. 3, it appears that the Boundary A particles in2™ 
NaCl have suffered almost the maximal disaggregation possible with this 
salt and may, therefore, be nearly uniform in size. In the two exper 
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ments at low ionic strength, the primary charge effect may have had some 
influence (Fig. 4). This is particularly likely for the water series in which 
an unusually small dependence on protein concentration is evident. The 
DNH solutions in 0.005 m NaCl, however, showed very little difference in 
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Fia. 4 Fic. 5 

Fic. 4. Plot of seo, versus nucleoprotein concentration for principal boundary 
at various NaCl concentrations. pH was 6.4 to 6.6 except in the distilled water run 
when pH was 7.0. : 

Fic. 5. Minor boundary experiments. All runs at 59,780 r.p.m.; ¢ = gm. of ma- 
terial per 100 ml. final volume. The sedimentation proceeded from left to right. 
a, Boundary B visible against Boundary A at 2.4 per cent nucleoprotein concentra- 
tion in 1 Mm NaCl; sedimentation time, 153 minutes. 6, 0.14 m NaCl-soluble fraction 
in 0.5m NaCl; c = 0.63; sedimentation time, 39 minutes. c, 0.14 mM NaCl-insoluble 
fraction sedimented immediately after redissolving in 0.56 mM NaCl; c = 0.93; sedi- 
mentation time 15 minutes. d, purified histone (c = 0.55) added to DNH (ec = 1.02) 
inl mM NaCl; sedimentation time, 70 minutes. e, purified histone; ¢ = 0.55 in 1M 
NaCl; sedimentation time, 53 minutes. f, DNA extracted from DNH in 1 m NaCl; 
c~ 0.5; sedimentation time, 72 minutes. g, DNA (c ~ 0.5) plus DNH (ec = 0.5) in 
1m NaCl; sedimentation time, 66 minutes. 


conductivity from that of the pure solvent, indicating that this charge 
efect was not great. Since both the appearance and the extrapolated 829 
values of Boundary A in these two series at low ionic strength were so 
markedly different, it would suggest that the particles are more aggregated 
in the 0.005 m NaCl because of the greater proximity to the precipitation 
zone. 


Minor Boundaries—The presence of Boundary B was also demonstrated 











302 NON-FIBROUS DNH FROM LIVER. II 


in solutions of higher ionic strength than is suggested by Fig. 3. In thoy 
experiments with a protein concentration of 1 per cent, this boundary wa 
not visible above 0.75 m NaCl; however, Boundary A retained a definite 
asymmetry at all higher NaCl concentrations. By simply raising the 
nucleoprotein concentration, Boundary B could again be seen. In | y 
NaCl this boundary was clearly visible against the trailing edge of Bound. 
ary A at a DNH concentration of 2.4 per cent, but it was not yet visible at 
1.9 per cent (see Fig. 5, a). This effect is probably the result of the pro. 
gressive sharpening of Boundary A with increasing protein concentrations, 
which would allow a closely trailing sedimenting boundary to become mor 
exposed. Also, in accordance with the Johnston and Ogston effect men. 
tioned earlier, higher concentrations of each component would tend to en. 
hance the size of the trailing boundary while negating that of the leading 
boundary. Since Boundary B was never seen to sediment ahead of Bound. 
ary A, as may be expected at very high ionic strengths (see Fig. 3), it is to 
be inferred that the Boundary A particles so impair the normal sediments 
tion of the Boundary B particles that the latter can not move faster than. 
the former under these conditions. 

From the solubility behavior of non-fibrous DNH reported in the preyi- 
ous communication (1), it was found that 10 to 12 per cent of the nucleo- 
protein remained in solution throughout the precipitation zone. From 
Fig. 3, it is seen that Boundary B showed no tendency to increase in rate 
as the precipitation zone, denoted by the break in the plot, is approached 
from either side. Further, Boundary C, although not strictly rate-measur 
able, likewise showed no tendency to sediment appreciably faster near this 
zone. It seemed likely, therefore, that these two minor boundaries repre. 
sented the soluble fraction at intermediate NaCl concentrations and Bound- 
ary A, the insoluble fraction, as its sedimentation behavior near this region 
suggests. Accordingly, DNH was dissolved in water and dialyzed against 
increasing amounts of NaCl until a concentration of 0.14 mM was attained. 
The precipitate was centrifuged and the clear supernatant solution was 
further dialyzed against water and lyophilized. This product contained 
15.5 per cent nitrogen and 4.2 per cent phosphorus on a dry weight basis, 
which is very nearly that of the parent preparation. The ultraviolet spec- 
trum was also nearly identical to that of DNH as seen from Fig. 6. Sedi- 
mentation of the 0.14 m NaCl-soluble material at both 0.5 (Fig. 5, b) and 
1.0 mM NaCl showed essentially only two boundaries having the same appear: 
ance and approximate rates as those of Boundaries B and C in the preced- 
ing experiments. The s20,. of the leading boundary was 8.8 § in 0.5 ™ 
NaCl and 9.08 in 1.0m NaCl. Apparently only a trace of Boundary A 
remained, which can be seen sedimenting ahead of Boundary B in the run 
in 0.5 m NaCl (Fig. 5, b). Since Boundary B possessed the same rate il 
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1.0 NaCl in the absence of Boundary A as it did in the presence of Bound- 
ay A at lower ionic strengths, the point that the Boundary A particles 
impair the normal sedimentation of Boundary B particles at high ionic 
strengths is confirmed. Boundary B possessed a rate of only 4.75 § in 1.0 
y NaCl when visible behind Boundary A in the experiment at 2.4 per cent 
protein concentration. Although the concentration of Boundary B par- 
tides in this mixture was not known, its s20,., when not influenced by 








| —x- COMPONENTS B AND C6 
| — DNH 


220 240 260 280 300 
WAVE LENGTH IN MILLIMICRONS 
Fic. 6. Ultraviolet absorption spectra of DNH and of the minor components (B 

and C) after separation in 0.14m NaCl fromthe DNH. The optical density readings 


for both curves were calculated for a concentration of 1 y of phosphorus per ml. at 
pH 6.0 in 1 m NaCl. 








fe) 


Boundary A, has shown no appreciable dependence on protein concentra- 
tion in the ranges studied. 

The precipitate remaining from the fractionation of non-fibrous DNH in 
0.14 m NaCl exhibited a complex behavior. Instead of only Boundary A 
in the ultracentrifuge after the precipitate was redissolved in NaCl of 
either high or low ionic strength, both Boundaries B and C were still 
present, as is seen in Fig. 5, c for a solution in 0.56 mM NaCl. Reprecipita- 
tion in 0.14 m NaCl again left a soluble fraction having the same propor- 
tions and properties as before. In other words, the precipitate of DNH in 
0.14. NaCl, when redissolved, behaves as the original DNH. In no ease 
thus far has Boundary A been observed to be free of the two minor bound- 
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aries, despite repeated precipitations. It is too early to generalize, from 
our preliminary experiments, on the extent of this separation, and least o 
all on the mechanism. The main difficulty is that the DNH preparations 
sooner or later, become insoluble after prolonged treatment. It should be 
pointed out, however, that the sedimentation diagrams do not show the 
possibility of extensive changes in weight taking place during a run of 2! 
hours. It appears, rather, that an apparent equilibrium is rapidly estab. 
lished after redissolving a DNH precipitate, since the fraction soluble jp 
0.14 m NaCl did not increase perceptibly in eight fractionations ranging 
from zero time to 6 days after the precipitate dissolved. 

The two minor components from Boundaries B and C have proved to be 
difficult to separate from each other. For this reason direct identification 
of either has not been effected. Boundary C, however, resembles histone in 
sedimentation behavior. Histone chloride has been prepared from non. 
fibrous DNH according to the method of Kossel (9) and some of its proper- 
ties have been described by Brunish et al. (10, 11). When purified histone 
chloride (5.5 gm. per 100 ml.) was sedimented together with non-fibrous 
DNH (1.02 gm. per 100 ml.) in 1.0 mM NaCl, Boundary C was greatly en- 
larged, but no other change was observed (Fig. 5, d). The seo, of Bound- 
ary A was essentially the same as that in the absence of added histone. 
The sedimentation rate of the Boundary C plus histone boundary was 15 
S, which was the same as that for this concentration of histone when 
sedimented alone in 1.0 m NaCl (see Fig. 5, d and e). If Boundary ( 
represents histone primarily, Boundary B must then be a component very 
rich in DNA according to the composition evidence for the combined 
Boundary B and C components. DNA was prepared by the chloroforn- 
octyl alcohol method (12) from non-fibrous DNH and sedimented in 1.0% 
NaCl, both in the presence and absence of added DNH. In the former 
case, two major boundaries were observed, clearly separated, a very sharp 
trailing spike with a rate of 5.5 S and a less sharp leading boundary moving 
at 6.58 (Fig. 5, g). The latter boundary resembled Boundary A of DNH, 
although the soo, was much lower than usual. It must be emphasized, 
however, that the addition of the DNA produced a very viscous solution 
which undoubtedly retarded the movement of the leading boundary. 
When the DNA preparation was sedimented alone in 1.0 m NaCl (Fig. 5, f), 
the leading boundary of the preceding run was absent. The S820. of the 
sharp spike in this case was 5.9 8. Near the meniscus a small diffuse 
boundary was also present, which is probably some histone that escaped 
being removed by the extraction process. Since the rate of Boundary B 
from non-fibrous DNH was invariably around 9 S, regardless of ionic 
strength or protein concentration, it was concluded that DNA as prepared 
in the above fashion from this DNH is very different in sedimentation be- 
havior from that of Boundary B. 
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Electrophoretic Analyses—Electrophoretic analyses were run on the DNH 
in various buffers of ionic strength 0.016, to which either 0.005 m NaCl or 
08m NaCl was added. The buffers used were acetate of pH 5.52, phos- 
phate of pH 6.2, and Veronal of pH 8.38. The potential gradients for the 
aperiments at the low ionic strength varied from 5.0 to 5.7 volts per em., 
while the variation at the high ionic strength was from 0.5 to 0.6 volt per cm. 
The descending boundaries are shown in Fig. 7. Table I gives the mobili- 
ties of the major components; the mobilities are uncorrected for viscosity, 
and the ascending mobilities are uncorrected for the 6 effect. 








A 
E 0 F 


Fig. 7. Electrophoretic patterns of non-fibrous DNH (descending boundaries) 
], buffers (1/2 = 0.016); NaCl (1/2 = 0.005). A, acetate, pH 5.52, 146 minutes; B 
phosphate, pH 6.02, 161 minutes; C, Veronal, pH 8.38, 140 minutes; D, rework of 
A,B,C, E, and F; Veronal, pH 8.45, 140 minutes. JJ, buffers (1/2 = 0.016); NaCl 
[/2= 0.8). E, phosphate, pH 6.03, 965 minutes; F, Veronal, pH 8.42, 628 minutes. 


At low ionic strength no component with a positive charge was discern- 
ible. However, aliquots of these samples which were run in the ultra- 
centrifuge apparently showed very little, if any, of Component C at the 
low DNH concentrations used. We, therefore, do not know whether Com- 
ponent C, which is evident at higher concentrations (Fig. 2, e) and resem- 
bles histone in sedimentation behavior, is actually histone by the criterion 
of charge. We can merely say from the results here that at low ionic 
strength there is mainly one negatively charged component. At pH 5.5 
this component is the only one evident (see Fig. 7, A). However, the 
asymmetry and spreading of the single boundary indicate that the nucleo- 
histone is heterogeneous. At the higher pH of 6.02 and at pH 8.38 one 
principal boundary is again present (see Fig. 7, B,C, and D). Under these 
conditions, however, minor components are evident. Because of the com- 
paratively large amounts of material which would otherwise be required, 
the DNH was recovered after each electrophoretic run and used again. 
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At the end of the series the DNH was again run in Veronal buffer to be sup 
that no changes had occurred in the protein (Fig. 7, D). 

In contrast to the results at low ionic strength, considerable heterogey. 
eity is in evidence at high ionic strength (Fig. 7, and F), although the 
nucleohistone is not dissociated into distinctly separated migrating cop. 
ponents. At both pH 6.03 and 8.42 there are two negatively chargej 
components present which spread considerably with time. The ascending 
and descending boundaries are not symmetrical and complex formation js 
indicated. At high ionic strength, a small amount of material is evidently 


TaBLe | 
Electrophoretic Mobilities of Non-Fibrous DNH at 0.6° 


Rat liver preparation. 


Mobility X 105 for 


Protein major components 

concen- Buffer r/2 pH NaCl,r/2 No. of components 

tration 

Descending Ascending 

per cent 

0.43* | Acetate 0.016 | 5.52 | 0.005 |—10.5 —11.4/1, but — extrem 
boundary spread- 

ing 

0.62 | Phosphate 0.016 | 6.02 | 0.005 —10.4 —11.8 | Minor components 
present 

0.62 | Veronal 0.016 | 8.38 | 0.005 |—10.7 —12.0 " 

0.60 | Phosphate | 0.016 | 6.03 | 0.8 —6.0,—3.3) —5.3 | 2 major compo 
nents 

0.55 | Veronal 0.016 | 8.42 | 0.8 —6.8,—4.3,) -—6.3 | 2 major compo- 
nents 


* Limit of solubility. 


positively charged, but whether this is histone and corresponds to Compo- 
nent C in the sedimentation diagrams is not known, since the mobility o 
histone in the buffer systems employed was not determined. 

Electrophoretic studies have been made on fibrous preparations of DNH 
by Hall (13), Gajdusek (2), Frick (14), and Van Winkle and France (14). 
These preparations are so different from the DNH reported here that a 
comparison of the results is not warranted at this time. 


DISCUSSION 


The sedimentation behavior of non-fibrous DNH in solutions of high salt 
content differs considerably from that of the fibrous product previously 
studied by others. Carter obtained an extrapolated s29,,. of 31 S in 5 pet 
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cent NaCl with calf thymus DNH (16). The data of Frick indicate a 
dightly lower value than that of Carter for thymus DNH in 1.0 m NaCl 
(17). Stern eé al., using avian erythrocyte DNH, determined a value of 
31 § for a 0.06 per cent solution in 1.0 m NaCl (18), and Van Winkle and 
France calculated 26.3 S at zero protein concentration in 1.0 m NaCl for 
rabbit liver DNH (15). All of the above solutions of fibrous DNH were 
highly viscous and low protein concentrations (0.1 per cent) were employed. 
The S20,~ Values are at least twice as high as that determined in the present 
study for the principal boundary in 1.0 m NaCl. Furthermore, the rapid 
boundary spreading observed in our studies prohibited rate measurements 
below protein concentrations of 0.3 per cent. These differences imply a 
significantly lower axial ratio for the non-fibrous particles. We prefer, 
therefore, to retain the term “non-fibrous” in order to distinguish this 
preparation from those which form highly viscous solutions in 1.0 m NaCl 
and precipitate as fibers on dilution. 

Of the three differently sedimenting boundaries observed in our prepara- 
tions, only Component A represents DNH according to the classical solu- 
bility behavior in salt as first reported by Huiskamp (19), and more rigor- 
ously determined by Frick (14). The two minor components, on the other 
hand, remain in solution throughout the zone of intermediate NaCl concen- 
tration where the principal component precipitates. 

The presence of the two minor components is not restricted to non-fibrous 
DNH from rat liver. Preliminary experiments have shown that non- 
fibrous DNH prepared from calf thymus behaves in the ultracentrifuge 
almost exactly like that of rat liver; the soo ,.. values of the principal and of 
the two minor components from each source were virtually the same under 
comparable conditions. The minor components again could be separated 
from the principal boundary in the usual way and identified from the sedi- 
mentation diagrams. Qualitatively, non-fibrous DNH from both rat 
spleen and rat kidney also have shown a corresponding behavior. 

It is now well known that at least some dissociation of fibrous DNH takes 
place in M NaCl, which gives rise to particles of unequal content in DNA 
and protein. The suggestion that the two minor components, which pre- 
sumably arise from a breakdown of the non-fibrous DNH, likewise differ 
in composition is currently under study. It may be concluded at this 
point, however, that the DNA in these minor components must be in a 
very different state from that which is dissociated in high salt solutions 
from fibrous preparations. The DNA-rich particles from the latter are 
highly anisometric and impart the characteristic ropiness to these solutions 
(12, 20). On the other hand, the two minor components give limpid solu- 
tions in the presence of high concentrations of salt, and neither component 
exhibits a fibrous behavior in the ultracentrifuge. 
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SUMMARY 


Non-fibrous DNH, prepared from rat liver, was investigated by ultra. 
centrifugation and electrophoresis. 

Sedimentation analysis revealed a principal boundary (A) attributable 
to DNH, as well as two other components designated Boundary B and 
Boundary C. Although the two minor boundaries could be obtained free 
of Component A, all attempts to obtain a homogeneous preparation of the 
latter failed. 

The effects of ionic strength and protein concentration on the 829 ,, for 
Boundary A and Boundary B were determined. Boundary B had g 
sedimentation rate which was constant throughout the range of salt con- 
centration employed. 

Electrophoretic analysis revealed one principal peak with minor con. 
ponents present in buffers of ionic strength 0.02 and considerable hetero. 
geneity at ionic strength 0.8. 
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ISOLATION AND PROPERTIES OF A LACTIC OXIDATIVE 
DECARBOXYLASE FROM MYCOBACTERIUM PHLEI 
By W. B. SUTTON 


(From the Lilly Research Laboratories, Eli Lilly and Company, 
Indianapolis, Indiana) 


(Received for publication, March 4, 1954) 


Edson (1) has described an enzyme present in Mycobacterium phlei which 
catalyzes the oxidation of L-lactic acid to acetate and CO.. The postu- 
lated reactions presented by Edson (1) are as follows: 

(A) CH;CHOHCOOH + Co = CH;COCOOH + CoH, 
CoH: + F = FH: + Co 
FH, oe O02 = F os H:0, 


or 
(B) CH,;CHOHCOOH + F’ = CH;COCOOH + F’H: 
F’H. + O2. = HO, + F’ 

Co represents an unknown codehydrogenase; F and F’ represent autoxi- 
dizable flavoproteins. 

In both cases the scheme is completed by the spontaneous Holleman (2) 
reaction 
(C) CH;COCOOH + H.0O2 = CH;COOH + CO. + H.O 

More recently Yamamura et al. (3) have reported similar results using 
Mycobacterium avium. ‘These authors have described two lactic oxidases 
which catalyze the following reactions: 


(D) CH;CHOHCOOH + O2 = CH;COOH + CO, + H.O 
(Lactic oxidase I) 
(E) CH;CHOHCOOH + 40. = CH,;COCOOH + H:O 


(Lactic oxidase IT) 


The partly purified enzyme described by Edson (1) and that termed 
lactic oxidase I by Yamamura et al. (3) have reportedly similar properties. 
Flavin adenine dinucleotide (FAD) has been suggested as the prosthetic 
group of the autoxidizable flavoprotein involved in the oxidation of lactate 
to acetate and CO». The data presented fail to demonstrate that FAD 
is involved, nor have data been given to support the extent of purification 
indicated (1, 3). 
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The present paper deals with the purification and certain properties of 
the lactic oxidative decarboxylase of M. phlei. Evidence will be presented 
which indicates that the conversion of lactate to acetate and COs is cats. 
lyzed by a single enzyme. The presence of flavin adenine dinucleotide jy 
the enzyme extract was not detected. 


Methods 


The cells used in the preparation of the enzyme extract were cultured on 
a medium of the following composition: 0.5 per cent L-asparagine (Penick), 
0.5 per cent KH.POs,, 2 per cent glycerol (reagent grade), 2 per cent soluble 
starch, 0.5 per cent Bacto-yeast extract, 0.05 per cent KoSOx,, and 0.15 per 
cent magnesium citrate (made soluble with citric acid). The medium was 
adjusted to pH 7.0 before autoclaving at 15 pounds pressure for 20 mip. 
utes. The inoculum was cultured on the surface of a medium of the same 
composition for 9 days at 37° and then vigorously shaken to suspend the 
surface growth. Approximately 50 ml. of this suspension were added to 
450 ml. of the medium contained in a large Blake bottle. This culture was 
incubated for 5 days at 37°. The cell crop, averaging 40 gm. per bottle. 
was harvested by filtration through coarse filter paper and then washed 
with 4 liters of distilled water while on the paper. The cells were removed 
from the paper, suspended in distilled water, and centrifuged. The sedi- 
ment was again suspended in distilled water and packed. This latter proe- 
ess was repeated twice. A cell suspension was prepared by homogenizing 
10 gm. of cell material in 20 ml. of deionized water. 

In contrast to Edson’s (1) soluble enzyme extract of acetone-dried cells, 
the enzyme preparation used in the present study was made by sonic dis- 
integration of washed M. phlei in a Raytheon oscillator operated at 10 ke. 
for 40 minutes. Approximately 30 ml. of the cell suspension were treated 
at a time. The cell débris was removed by 1 hour’s centrifugation at 
24,500 X g in an International refrigerated centrifuge. The clear yellow, 
slightly opalescent extract has been stored at —12° for as long as 1 year 
without appreciable loss of activity. 

The enzyme reactions were conducted in the conventional Warburg ap- 
paratus at 37°. The substrate was added to the reaction mixture from the 
side bulb after the Warburg vessel had reached temperature equilibrium. 
Both O2 uptake and CO, production were measured. The volume of CO; 
produced was calculated by correcting the vessel constant for COs reten- 
tion or by addition of acid to the reaction mixture to release bound CO). 


Results 
Properties of Enzyme Extracts 


Metabolism of Various Substrates—The original extract of M. phlei me- 
tabolizes L-lactate and pyruvate (Table I). Similar observations have 
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been made by Edson (1). Neither oxygen consumption nor CO, produc- 
tion was detected in the presence of formate or acetate. The rate of pyru- 
yate metabolism is considerably slower than that of lactate. After dialysis 
the ability to metabolize pyruvate is lost (Table I). Of interest is the fact 
that both the original and dialyzed extracts reduce 1:10,000 (2.7 K 10-4 
y) methylene blue under anaerobic conditions, or neotetrazolium! under 
gerobic conditions, in the presence of lactate. The purified enzyme prepa- 
ration did not reduce either dye under these conditions. Since the puri- 
fied enzyme has been shown to metabolize lactate (Table I), these results 


TaBLeE I 
Oxygen Consumption and COz Production in Presence of Various Substrates 





Lithium lactate* Sodium pyruvate 
Preparation Protein asians ealiansaial ae : 
Oxygen | COs: Timet | Oxygen | CO: | Timet 
| | 
a mg. per 0.5 ml. | yl. pl. min. | yl. pl. min. 
Original extract..... , 14.7 | 127 131 60 121 | 219 | 120 
Dislyzed “ = .........} 10.0 107 107 | 30 0 0 
Purified enzymef.. 1.4 | 218 211 45 0 0 


Bacterial enzyme preparation 0.5 ml.; 0.5 ml. of 0.067 m phosphate buffer, pH 7.0; 
gas air; temperature 37°; final volume 2.3 ml. Concentration of substrate 10 um 
of pL-lithium lactate and 10 um of sodium pyruvate. Original extract values cor- 
rected for endogenous metabolism. Magnitude of correction for endogenous gas 
exchange varies between 12 and 20 per cent of the total. No detectable endogenous 
metabolism observed with dialyzed extract or purified enzyme. 

* Only t-lactic acid utilized. 

+ Average time for completion. 

t 10 um of u-lactic acid as zinc salt. 


tend to indicate the presence of two separate lactate systems in the origi- 
nal and dialyzed extracts, but only one in the purified enzyme preparation. 


Purification of Enzyme 


Assay System—The enzyme was assayed by measuring the rate of oxy- 
gen uptake and CO,» production with lactate as the substrate. The stand- 
ard test system consisted of 0.5 ml. of a 0.4 m lithium lactate solution and 
0.5 ml. of a 0.1 m phosphate buffer, pH 7.0; final volume 2.3 ml., gas air, 
temperature 37°. Although a plot of the oxygen consumption as a func- 
tion of time gives a straight line at all enzyme concentrations investigated 
(Fig. 1), the rate of oxygen uptake or CO» production is not directly pro- 
portional to enzyme concentration for any time interval or concentration 
tested (Fig. 2). 


'2,2-(p-Diphenylene) bis(3,5-dipheny])tetrazolium chloride. 
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Fic. 1. Oxygen uptake as a function of time. Standard test system with dialyzed 
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extract. No detectable endogenous metabolism observed. The dialyzed extract 


contained 23.4 mg. of protein per ml. Curves according to method of least squares, 
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Fic. 2. Rate of oxygen uptake or COz produced as a function of enzyme concen- 
tration. Standard test system with dialyzed extract. No detectable endogenous 
metabolism observed. Dialyzed extract contained 23.4 mg. of protein per ml. 
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To relate the activities of the various preparations during the purifica- 
tion procedure it was found useful to plot the log of enzyme concentration 
versus activity (Fig. 3). The equations for these curves were calculated 
by the method of least squares. The data published by Singer and Pensky 
44) concerning a-carboxylase, which show a similar lack of proportionality 
between enzyme concentration and rate of CO. production, have been in- 
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Fic. 3. Rate of oxygen uptake or CO:z produced as a function of the log of the 
enzyme concentration. Standard test system with dialyzed extract. Curves ac- 


cording to the method of least squares. a-Carboxylase data calculated from Singer 
and Pensky (4). 


cluded (Fig. 3). Attempts to apply corrective calibration methods, such 
as that described by Johnson and Jozsa (5), failed. 

Accordingly, 1 unit of enzyme activity has been arbitrarily defined for 
both the oxygen utilized and the CO: produced as the log of that amount 
of enzyme that is sufficient to produce 10 yl. of gas exchange in 10 minutes, 
calculated from the second 10 minutes of the reaction. The amount of 
enzyme was adjusted to produce between 50 and 150 ul. of gas exchange 
during the second 10 minute period. The specific activity is expressed in 
units per mg. of protein. Protein was determined by measuring the light 
absorption at 280 and 260 my according to the method of Warburg and 
Christian (6) as modified by Kalckar (7). During the initial stages of 
purification the protein was determined according to Biicher (8). 
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Fractionation—The method of purification of the original extract is de. 
scribed below. Purification was conducted at temperatures between 0-2 
unless otherwise specified. 

Step 1. Dialysis—60 ml. of the cell-free extract were dialyzed for 36 
hours at 4° against 40 liters of distilled water. 

Step 2. Acid Precipitation—To 60 ml. of the dialyzed extract 2 N acetic 
acid was added with mechanical stirring until the pH reached 4.5. After 
10 minutes, the precipitate was centrifuged at 13,000 r.p.m. (refrigerated 
Servall, type SS-1) and the supernatant solution discarded. The precipi. 
tate was dissolved in 0.1 M phosphate buffer (65 ml.) at pH 7.0. 

Step 3. First Ammonium Sulfate Fractionation—To 61 ml. of the en- 
zyme solution from Step 2 sufficient solid ammonium sulfate was added to 
make the solution 0.3 saturated. After 10 minutes, the precipitate was 
removed by centrifugation and discarded. To the supernatant solution 
was added sufficient ammonium sulfate to make the solution 0.6 saturated. 
After 10 minutes, the mixture was centrifuged and the supernatant solu- 
tion discarded. The precipitate was dissolved in 0.1 m phosphate buffer 
at pH 7.0. The resulting enzyme solution (60 ml.) contained 6.2 mg. of 
protein per ml. 

Step 4. Precipitation with Protamine—To 59 ml. of the enzyme solution 
from Step 3 were added 3.2 ml. of a solution of protamine sulfate (20 mg. 
per ml.; pH 5.0) per 100 mg. of protein. This quantity of protamine sul- 
fate brought the light absorption ratio 280:260 my from 0.63 to 0.82. The 
precipitate was centrifuged and discarded. The supernatant solution (58 
ml.) contained the enzyme. 

Step 5. Removal of Inactive Proteins with Calcium Phosphate Gel—To 
56 ml. of the enzyme solution from Step 4 were added 30 ml. of calcium 
phosphate gel solution (1.0 ml. per 7.5 mg. of protein). After 10 minutes, 
the mixture was centrifuged and the precipitate discarded. The super- 
natant fluid (78 ml.) contained 2.1 mg. of protein per ml. 

Step 6. Second Ammonium Sulfate Fractionation—The solution from 
Step 5 was first brought to 0.4 saturation with solid ammonium sulfate. 
The precipitate was removed by centrifugation and discarded. To the 
supernatant solution solid ammonium sulfate was added to make the prep- 
aration 0.5 saturated. After 10 minutes, the precipitate was removed by 
centrifugation and the supernatant solution discarded. The precipitate 
was dissolved in 0.1 m phosphate buffer, pH 7.0, and dialyzed against 20 
liters of distilled water overnight. The resulting solution (20 ml.) con- 
tained 0.95 mg. of protein per ml. The course of the purification of a 
typical preparation is summarized in Table II. 

The ratios of the specific activities for the oxidation and decarboxylation 
have been calculated for the various purification steps (Table II). It will 
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be noted that over a range of 30-fold purification the ratios of the two ac- 
tivities remain essentially the same. ‘The significance of this result will 
be discussed. ‘The nucleic acid content was estimated by determining the 
980:260 my ratio (6). 


Properties of Purified Enzyme 
Prosthetic Group—Several types of evidence indicate that riboflavin-con- 


taining nucleotides are not present in the purified enzyme preparation 


TaBLeE IT 
Purification of Lactic Oxidative Decarboxylase from M. phlei 











Units | Specific activity*) oecige | Yield Lassie 
Step ————|Protein | —_________| activity | —______ acid 
O: | CO: | O: | co: | ™! | o | co,| tit 
| me. pnd fad 
|, Dialyzed extract..... 13441104) 1404 | 0.96 | 0.79 | 0.82 0.63 
9, Acid precipitation, pH | | | | 
ae Bet 1212}1001) 1043 | 1.16 | 0.96 | 0.83 | 90 | 90 | 0.63 
3. lst ammonium sulfate | | | 
fractionation (0.6 sat- | | | | 
uration)... .. . .|1062| 894) 371 | 2.86 | 2.41 | 0.84 88 | 89 | 0.68 
4, Supernatant protamine | 


sulfate treatment:.....| 977 841| 225 
Supernatant calcium 
phosphate gel treat- | | 
ment...... .....++| 991) 788) 165 | 6.00 
. 2nd ammonium sulfate | | | 
fractionation (0.5 sat- | 
uration) and dialysis. .| 600) 468) 19 32.1 


| 4.35 | 3.74 0.86 | 91 | 94 | 0.82 


or 


4.78 | 0.80 101 | 94 | 0.88 
| | 


25.0 


=> 














| 0.78 60 | 60 | 1.12 


* Specific activity expressed as units per mg. of protein. 
t Nucleic acid estimation, ratio 280:260 my. 








The absorption spectrum of the enzyme, as determined by the Cary record- 
ing spectrophotometer, is given in Fig. 4 and shows one maximum at 272 
to 275 mu. The spectrum is not typical of flavoproteins which show 
maxima at 275, 375, and 450 mu. 

The ratios of the 260:450 my, 275:450 mu, or 375:450 mu peaks do not 
approach those determined by Whitby (9) for FAD (90 per cent pure) or 
calculated for glycolic acid oxidase (flavin mononucleotide (FMN)) (10) 
and L-amino acid oxidase (FAD) (11) (Table III). The purified enzyme 
was treated with hot trichloroacetic acid and the resulting supernatant 
solution did not show an absorption maximum. 

The purified enzyme was examined for the presence of purines and py- 
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rimidines by paper chromatography after perchloric acid hydrolysis. The 
procedure used will detect 1 y quantities of the bases.2 No detectable cop. 
centration of either purine or pyrimidine was found. In addition, inhibj. 
tors of FAD-containing systems (12) were found to have no effect upon the 
reaction (Table IV). 
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Fic. 4. Absorption spectrum of lactic oxidative decarboxylase. Data plotted 
from Cary recording spectrophotometer curve. Lower curve, 2.8 mg. of protein 
per ml. 


Inhibitors—It will be seen that arsenite has no effect on the metabolism 
of lactate, but a pronounced effect on the metabolism of pyruvate (Table 
V). These results suggest that lactate is not metabolized via pyruvate. 
Nor does an intermediate in the form of an aldehyde or keto acid appear 
likely, inasmuch as hydroxylamine and hydrazine had no influence on the 
reaction (Table IV). Pickett and Clifton (14) have suggested that pyr- 
vate is first decarboxylated to acetaldehyde and CO, and then, in the pres- 
ence of arsenite, subsequent oxidation of the aldehyde is inhibited. 

No significant inhibition was observed with 2,4-dinitrophenol, HCN, 


2 Personal communication from A. D. Heindel. 
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jodoacetate, or catalase (Table IV). Catalase was used to destroy any 
H.0. which might have been formed and required to complete a subse- 


TaBLeE III 
Ratio of Light Absorption of Purified Enzyme and FAD at Different Wave-Lengths 





—_—— 

















260 mu 275 my 375 my 
450 mp 450 mu 450 mu 
Purified enzyme J; 16.4 19.1 1.5 
FAD (90% pure) * val 3.3 2.5 0.8 
Glycolic acid oxidase (FMN)f 4.6 6.8 1.0 
t-Amino ‘ " 3 1) Se 7.0 10.5 1.0 
* Whitby (9). 
¢ Calculated from Zelitch and Ochoa (10). 
t Calculated from Singer and Kearney (11). 
TaBLe IV 
Effect of Various Inhibitors on Oxidative Decarborylation of Lactate by Purified 
Enzyme 
Per cent inhibition 
Additions 
O: CO: 
2,4-Dinitrophenol (6.1 X 10-4 m)*. 8 
lodoacetate (2.5 K 107% om). ; 5 17 
Quinacrine- HCl (1.0 X 10-* m)f... 5 0 
Chloroquine diphosphate (1.0 X 10-3 m)f.. 0 0 
Hydroxylamine (2.5 X 10-3 m) 4 
Hydrazine (2.5 X 10-3 m) 0 
HCN (1.0 X 10-5 m)f ais is 4 
Catalase (250 + per flask) § 3 3 





Standard test system with 10 um of pt-lactate except as noted. Per cent inhibi- 
tion calculated on basis that activity in absence of any additions equals 100 per 
cent. Inhibitor concentration given as final molarity except where noted. Enzyme 
preincubated with inhibitor 20 minutes before substrate addition. 

*100 um of pi-lactate. 

t 20 um of pt-lactate. 

t According to Robbie (13). 

§ Crystalline catalase. 


quent reaction as suggested by Edson (1). No inhibitory effect was ob- 
tained with quinacrine hydrochloride or chloroquine diphosphate. The 
antagonism between these compounds and low concentrations of FAD has 
been demonstrated by Hellerman et al. (12). 

Other Properties—After heating at 50° for 10 minutes the activities of the 
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original extract and purified enzyme on lactate are reduced by 25 per cent 
as measured during the Ist hour of the reaction. The reduction of activity 
on pyruvate with the original extract was 42 per cent. 

No apparent difference in oxygen uptake or CO2 production occurred 
in the absence of phosphate when measured in the following test system: 
0.5 ml. of 0.02 m lithium lactate solution, 0.5 ml. of 0.05 m tris(hydroxy. 
methyl)aminomethane buffer, seg 7.2 (15), and 0.5 ml. of the enzyme prep- 
aration; gas air, temperature 37°, final volume 2.3 ml. 


TaBLe V 
Effect of Sodium A rsenile on Oxidation of Lactate and Pyruvate 








Os per hr. 
Lactate (100 um) 
ewe. ae ; pl. 
Purified enzyme. sea tesivtaited tame ok Stes Sa 619 
= ” + arsenite 6. 25 X 10-3 au)... Ldcieian 613 
Original extract. ; ae = 316 
= “7 + arsenite 6. 25 x 10-3 om). ;, we 308 
‘tet (100 uo) 
Original extract. 81 
" ” + arsenite (6.25 X 10-3 om). 22 


Bacterial enzyme preparation 0.5 ml.; 0.5 ml. of 0.067 m phosphate buffer, pH 7.0; 
gas air; temperature 37°; final volume 2.3 ml. The original extract contained 365 
mg. of protein per ml. The purified enzyme contained 2.8 mg. of protein per ml, 
Values corrected for endogenous metabolism. 


Chemical balance studies with the purified enzyme preparation indicate 
that for each mole of lactate metabolized 1 mole of oxygen is utilized and 1 
mole each of acetate and CO; is formed. 

The pH optimum for both the oxygen utilization and CO, production by 
the purified enzyme preparation falls between pH 5.6 to 6.0. 

Spectrographic analysis of the purified enzyme preparation, with a 
Bausch and Lomb 1.5 meter stigmatic grating spectrograph, indicated 
only the presence of two distinct copper lines. The nature of the function 
of the copper is not understood in light of the failure of HCN to influence 
the reaction. 


DISCUSSION 


The purification procedure presented provides an enzyme preparation 
from M. phlei which does not function according to the scheme postulated 
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by Edson (1) (Equations A, B, and C). Edson examined a relatively 
impure enzyme preparation anaerobically and found that lactate was oxi- 
dized to pyruvate in the presence of methylene blue. Aerobically this 
same preparation oxidized lactate to acetate and CO, without the addition 
of ahydrogen carrier. From these results Edson (1) concluded that pyru- 
vate is an intermediate in the aerobic metabolism of lactate. The results 
of Yamamura et al. (3) suggest that the presence of lactic oxidases I and II 
(Equations D and E) would account for the results obtained by Edson (1). 

Data obtained when keto fixatives or arsenite was added to the purified 
enzyme preparation indicate that neither pyruvate nor acetaldehyde is 
involved as an intermediate in the direct oxidative decarboxylation of lac- 
tate to acetate and CO... The indirect oxidative decarboxylation of lactate 
would first involve the formation of pyruvate as the result of the action of 
adehydrogenase. The oxidative decarboxylation of the pyruvate formed, 
yielding acetate and COs», would follow. In addition, the presence of cata- 
lase in the reaction mixture failed to influence the metabolic result. This 
finding does not support the view that H2O. and the Holleman (2) reaction 
are involved as suggested by Edson (1). 

Both Edson (1) and Yamamura et al. (3, 16) found flavin adenine di- 
nucleotide in partly purified enzyme preparations. Edson (1) was able to 
demonstrate the presence of FAD following treatment of M. phlei acetone 
powder with 1 N HCl. Yamamura ei al. (3, 16) examined lactic oxidase I 
preparations for the presence of FAD by using the p-amino acid oxidase 
test system and found the nucleotide present. 

The absorption spectrum (Fig. 4) of the purified enzyme preparation 
indicates that FAD is not present. The peak ratios previously mentioned 
(Table III) illustrate clearly the difference between the lactic oxidative 
decarboxylase described here and FAD- or FAD- and FMN-containing 
enzymes (Table III). Additional supporting evidence for the absence of 
FAD was obtained by chromatographic analysis. The absence of adenine 
in the purified enzyme preparation necessitates the conclusion that the 
lactic oxidative decarboxylase described here does not contain FAD. The 
absorption spectrum obtained (Fig. 4), in addition, excludes other ribo- 
flavin-containing nucleotides. It is to be noted that no other purines or 
pyrimidines are present in the purified enzyme preparation. The present 
enzyme differs with regard to inactivation by heat from Yamamura’s (3) 
lactic oxidase I which was completely inactivated by similar conditions. 

Of interest is the finding that the specific activity ratios for the oxygen 
utilization and CO, production remained essentially the same throughout 
the various purification steps (Table II). It will be noted that this re- 
lationship holds over a range of 30-fold purification. It would thus ap- 
pear that the enzyme preparation from M. phlei exhibits two activities, 
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i.e. oxidation and decarboxylation of lactate, both of which seem to be as. 
sociated with a single functional protein unit. The possibility also exists 
that the enzyme is coupled with a non-enzymatic reaction in some manner. 
The mechanism of the reaction is under investigation. 


SUMMARY 


The isolation, partial purification, and properties of an enzyme of Mycp. 
bacterium phlei, catalyzing the oxidative decarboxylation of lactate to ace. 
tate and CO:, are described. The two activities of the enzyme seem to 
be associated with a single functional protein unit. 

Lactate is not metabolized via pyruvate nor is FAD or H2Q, involved 
in the reaction. The enzyme is not sensitive to HCN, 2,4-dinitrophendl, 
or iodoacetate and is relatively stable to heat. Inorganic phosphate js 
not required for the reaction. 


The author wishes to thank Mr. A. D. Heindel for performing the purine 
and pyrimidine analyses. The technical assistance of Miss LaVeda Stan- 
field and Miss Mildred Reveal is gratefully acknowledged 
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THE CATABOLISM OF URACIL IN VIVO AND IN VITRO* 
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Although there have been noteworthy advances in our knowledge of the 
metabolism of the purine components of nucleic acids, comparable progress 
is yet to be made in regard to the pyrimidine components (1, 2). It is the 
purpose of this communication to report on the catabolism of uracil, and, 
in particular, on a new reaction involving its ureido carbon (3). In the 
light of these findings and our prior report (4) that uracil is an effective 
precursor of nucleic acids in the acetaminofluorene-treated rat, it would 
appear that current concepts of pyrimidine metabolism require revision. 


Methods 


For studies of metabolism in vivo, male albino rats, averaging 255 gm. 
(range, 220 to 300 gm.), were injected with the indicated doses, per rat, 
of uracil-2-C" in isotonic saline. Absorption of the largest dose employed 
was shown to be complete within 1 hour. Food was withheld during the 
test period. After intraperitoneal injection, the animals were placed in 
glass metabolism cages equipped for urine collection, and the expired air 
was collected in 4 N sodium hydroxide. Aliquots were precipitated with 
u barium chloride at chosen time intervals. The radioactive barium carbo- 
nate was extensively washed with CO,--free distilled water and then dried 
with anhydrous solvents. The dried carbonate was weighed and assayed 
for radioactivity. 

At the termination of the experiments, the rats were sacrificed and the 
contents of the bladder added to the terminal urine samples, which in- 
cluded cage washings. In addition to assays of the total radioactivity of 
the diluted urines, specimens in center well collection flasks were treated 


* This investigation was supported by a grant from the National Cancer Insti- 
tute, National Institutes of Health, United States Public Health Service. 

'The uracil-2-C'* used in these experiments was generously synthesized for us by 
Dr. C. 8. Miller of Sharp and Dohme, Inc., North Wales, Pennsylvania, by the 
procedure of Johnson and Flint (35) with urea-C and malic acid as starting materi- 
als. Tests of the purity of the product showed that 95 to 100 per cent of the radio- 
activity moved with the R» of uracil on both butanol-water (5) and tert-butanol (0.8 
N HCl) (6) chromatograms. The synthetic material had an Ey value of 7.88 < 103 
at its maximum of 258 my in acid medium and a 260:280 my absorption ratio of 6.48. 
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with urease, and the evolved C“O. was assayed as in the case of the rp. 
spiratory samples. Uracil was isolated from the urine by means of paper 
chromatography in n-butanol (5) or in ¢ert-butanol (0.8 N HCl) (6).  Ureg 
was also isolated from the n-butanol papers by Dent’s procedure (7) fo; 
locating the spot. The chromatograms were examined for ultraviolet-gb. 
sorbing areas, and, after removal of the uracil and urea spots, the remaining 
strips were examined for residual radioactivity, which was found to be 
negligible. 

In a number of experiments, comparison was made between the parti- 
tion of the uracil-2-C“ and an equimolar intraperitoneal dose of urea-C¥ 
in saline.? 

Studies of C“O, formation in vitro were performed on surviving liver 
slices prepared from the pooled livers of two or more rats according to 
procedures of Melchior and Tarver (8), as well as on liver homogenates 
and subcellular fractions prepared according to the isotonic sucrose pro- 
cedure of Hogeboom et al. (9). Incubations were conducted in center wel] 
flasks and the radioactivity assayed as for the respiratory CO. samples, 
After incubation, the contents of the flasks were denatured with 5 per cent 
trichloroacetic acid. The acid-soluble components were freed of precipi- 
tant by ether extraction, followed by boiling for 1 hour, and the ultraviolet 
spectra were obtained in a Beckman DU spectrophotometer. In a number 
of the homogenate experiments, the trichloroacetic acid-insoluble residues 
were repeatedly washed with 1 per cent trichloroacetic acid saturated with 
inert uracil and then freed from lipides by hot solvent extraction. The 
nucleic acids were extracted by means of the Schneider procedure (10) and 
subjected to radioactivity assay and ultraviolet estimation of nucleic acid 
content. Control incubations with trichloroacetic acid-denatured homoge- 
nate samples were run in parallel with the test samples. 

For assay of radioactivity, samples were deposited on 1 cm. glass planch- 
ets and measured with a gas flow counter in the Geiger region, self- 
absorption factors being applied when necessary. 


Results 


In Vivo—The excretion of radioactivity observed after injection of 
graded doses of uracil-2-C™ is presented in Fig. 1. The most prominent 
feature of this excretion is the rapid and extensive conversion of the ureido 
carbon of the pyrimidine to respiratory C“O.. This conversion is nearly 
quantitative at the lower dose levels, but accounts for a decreasing per- 
centage of the uracil as the dose is increased. As the dose increases, the 

2 The urea-C' used for synthesis and for animal experiments was obtained from 


Technical Associates, Glendale, California. The material released 97 to 100 per 
cent of its radioactivity upon treatment with urease. 
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percentage of the radioactivity present in the urine increases. Although 
yrea-C“ accounts in part for this increase, this component is negligible at 
the lowest dose level, while at the highest it accounts for no more than 10 
per cent of the administered isotope. By means of paper chromatography 
5,6), uracil is shown to account for the non-urea radioactivity of the urine. 
The isolated uracil shows no evidence of dilution or alteration, since its 
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Fic. 1. Partition of radioactivity from uracil-2-C'*. Each point represents a 3 
hour collection from three or more adult male albino rats receiving the indicated 
doses via the intraperitoneal route. Urea-C'* was determined by urease treatment 
and confirmed by chromatography. The figures in parentheses represent the per 
cent of the dose present in the urine as uracil, determined by chromatography. 


specific activity is the same as that of the original, and other ultraviolet- 
absorbing materials are absent from the chromatograms. 

Time studies of the partition of the radioactivity following a 20 mg. dose 
of the uracil are presented in Fig. 2. These data indicate that urinary ex- 
cretion of the isotope is virtually complete in 3 hours, while the formation 
of respiratory C“O, continues well beyond this period, doubling its 3 hour 
value by the end of the experiment. Fig. 2 also includes a comparison of 
the fate of injected urea-C™ with that of the uracil. It can be seen that the 
primary pathway of loss of the urea isotope is urinary, accounting for 82 
per cent of the dose in 6 hours. The 18 per cent conversion of the urea to 
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respiratory CO; is to be compared with the 6 hour value of 55 per cent fy 
the uracil. 

In Vitro—Liver slice or homogenate systems actively form C¥O, from 
uracil-2-C%, From Table I, it can be seen that surviving slices retain g | 
major share of the in vivo activity, while cell disruption results in a sharp | 
decrease in this activity. Frac tionation of the whole homogenate into syb. | 
cellular components (9) localized the CO.-releasing reaction in the particle. | 
free supernatant fraction. The activity recoverable in this fraction greatly | 
exceeds that shown by a quantity of whole homogenate containing an e qual 
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Fic. 2. Comparison of the partition of radioactivity from uracil-2-C™ and urea. 
C™. Each bar represents results from three or more adult male albino rats receiving 
either 20 mg. of uracil or 11 mg. of urea. The height of the bars represents the total 
elimination of the isotope at the indicated time interval after injection via the intra- 
peritoneal route. 


amount of supernatant fraction, suggesting an inhibitory effect on the part 
of the unresolved homogenate. This effect is noticeable when the activi- 
ties are compared on the basis of protein content (“activity coefficient” in 
Table I). Table II shows a typical substrate saturation effect in C"0, 
formation from increasing concentrations of the uracil. 

Efforts have not yet been made to explore the cofactor requirements of 
this system. However, both adenosine and ATP have a marked stimulat- 
ing influence on the 1 abe of carbon dioxide release from uracil. As shown 
in Table III, these supplements accelerate the reaction in both the whole 
homogenate and the supernatant fraction by 100 per cent or more. Fol- 
lowing a number of the experiments with the supernatant fraction, the 
ultraviolet spectra of the acid-soluble components were compared. For 
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this purpose, acid-soluble spectra were also obtained for control flasks in- 
cubated with each supplement but without uracil (supplement blanks) or 


TABLE I 
Release of C'4O2 from Uracil by Liver Slices, Whole Homogenates, and Cell Fractions 


50 ml. center well incubation flasks contain 10-4 m adenosinetriphosphate (ATP), 
j0-*m MgCle, and 18 mg. of glucose in a final volume of 10 ml. of 10-2 m glycine buffer 
at pH 7.4. Immediately prior to incubation, 2 mg. of uracil-2-C™ (4 X 108 ¢.p.m.) 
and tissue preparation were added, the contents gassed with 95 per cent O2-5 per 
cent CO2 and stoppered, 1 ml. of 4 Nn KOH was injected into the center well, and the 
flasks were incubated for 1 hour at 37.5° with shaking. 





CO: production 














Tissue preparation Protein present* i- 0 ie gece cg MS pane 
Experiment 1 | Experiment 2 Peek ey pm 
= A 7 ‘cpm. per feh\cpm.perfeh| | 
| 
Liver slices 500 6.4 X 104 | 5.6 XK 104 | 120 15 
“ homogenate 550 2710 2750 5.0 0.7 
Liver cell fractions 
Nuclear 100 | 120 | 90 1.0 0.1 
Mitochondrial 165 345 190 3.3 | 0.1 
Microsomal 90 50 | 40 | 0.5 | 0.1 
Supernatant 180 6800 5450 | 34 | 1.5 
*Determined by the biuret procedure. 
+ Counts per minute in COz divided by the mg. of protein in the flask. 
TaBLeE II 
Effect of Substrate Concentration on Release of C402 from Uracil by Whole 
Homogenate 
Conditions as in Table I. 
C.p.m. in C4O2 
Gubotinte —_—___— | Per Sr" 
| Experiment 1 | Experiment 2 
= me. c.p.m. | i 
0.2 ‘x 10° 2090 2120 5.2 
2.0 4X 105 2610 2850 0.7 
10.0 2x 108 3825 3960 0.2 
0.1 


20.0 4X 10° 4080 4020 


with the supernatant fraction alone (tissue blank). After correcting for 
tissue or supplement blanks, the uracil incubations showed the expected 
shift (11) from an acid maximum of 260 my to an alkaline maximum of 280 
my, but this shift was absent from the supplemented incubations, and the 
260:280 my absorption ratios were considerably reduced in the latter. 
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Although these changes are suggestive of the formation of uridine (5) in 
the presence of supplements containing nucleoside linkages, stronger eyj. 
dence than qualitative shifts in spectra would be required for decision oy 
this point. In this regard, however, it is interesting to note that the cay. 
bon dioxide-releasing activity of the supernatant fraction was ¢ onsiderably 
reduced by Tris buffers, which might reflect the type of pyrimidine nu- 
cleosidase inhibition observed by Lampen (12) for Lactobacillus pentosus, 

The nucleic acids extracted from the whole homogenates by the tr. 
chloroacetic acid procedure (10) all showed considerable retention of ra. 
dioactivity. In six such experiments, involving three or more individual 
samples, an average incorporation of 65 c.p.m. per mg. of nucleic acids 


TaB_e IIT 
Effect of ATP and Adenosine on COz Release from Uracil 
Conditions as for Table I except for the omission of ATP. Each flask received 
the equivalent of 150 mg. of protein as 3 tissue prepar ration. 














C'Oz production 


Experiment Tissue Supplement y 
No. preparation Com. | Activity | Per cent 
per Task |coefficient* 

control 

17, 18 Whole homogenate | None 506 3.4 
10-? m ATPt 1600 10.7 310 

32, 33 Supernatant fraction None 2240 15.0 
10-* m ATPT 3975 26.5 180 


10-3 ** adenosinet 4250 28.3 190 
* Counts per minute in CO: per mg. of protein in flask. 
{ Final concentration in reaction mixture, 10-4 m. 


with a range of 52 to 103 ¢.p.m., was observed. In contrast, the protein 
residues retained 2 to 4 c.p.m. per mg., and control samples of denatured 
homogenate showed negligible retention. The absence of significant m- 
dioactivity in the proteins or in the denatured controls suggests that 
neither absorption nor metabolic fixation of CO, is responsible for the 
observed incorporation. 


DISCUSSION 

Present concepts of pyrimidine metabolism (2, 13-15) are derived prin- 
cipally from the balance experiments of Cerecedo and associates (16, 17). 
These workers, studying the utilization of uracil and postulated inter- 
mediates, concluded that the pyrimidine is split into urea and a carbon 
derivative. Di Carlo et al. (18), Hayaishi and Kornberg (19), and Lara 
(20) have given support to this formulation, Lara demonstrating an an- 
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gerobie split of uracil to urea in a bacterial system. Support is also lent 
to this pathway by work with N-pyrimidines (15, 21, 22). 

It is clear, however, that the data reported here eliminate direct forma- 
tion of urea from uracil as the primary degradative pathway, which appears, 
instead, to be the rupture of the pyrimidine ring at the 2 position, with re- 
lease of the ureido carbon. This mechanism accounts quantitatively for 
the administered uracil at levels comparable to the endogenous replace- 
ment rate estimated from incorporation of orotic acid (23); at higher levels 
it accounts for 90 per cent of the catabolism, whereas urea formation ac- 
counts for less than 10 per cent. The possible secondary formation of the 
respiratory CO» from urea-C™ split directly from uracil cannot explain 
our observations, as shown by the results obtained with urea-C™ which 
confirm those of Leifer et al. (24). 

None the less, urea-C™ is seen to arise from all but the smallest doses of 
theuracil. Since this small urea-C™ formation accompanies only the initial 
phase of respiratory COs release, the direct split of a portion of the uracil 
to urea, as proposed for cytosine-N" by Bendich et al. (22), cannot be 
excluded. Such a split appears to account for a maximum of 5 per cent of 
the doses employed. Furthermore, the protracted excretion of the pyrimi- 
dine nitrogens, as observed by Caren and Morton (15) for uracil-N” and 
by Bendich et al. (22) for cytosine-N™, contrasts with the rapid clearance 
of the ureido carbon of the uracil. This contrast may reflect, in part, the 
more rapid turnover of bicarbonate than of urea nitrogen precursors and 
further supports our view that the primary release of the ureido carbon, and 
the consequent entrance of the nitrogens into the urea nitrogen pool, is the 
major degradative mechanism. 

Independent evidence of this mechanism is to be seen in the demonstra- 
tion by Fink et al. (25) of the formation of 8-amino acids from pyrimidines, 
since the removal of the ureido carbon would yield the amides of the ob- 
served acids. The observation by Wang and Lampen (26) of a system 
which metabolizes uracil without urea formation indicates a similar mech- 
anism in bacteria. 

The applicability of in vitro systems to the study of uracil metabolism is 
established by this report. The activity of liver slices approximates that 
of the whole animal and suggests that liver may be the main site of uracil 
catabolism. Although homogenization reduces activity sharply, some 
purification of the system can be obtained by the simple expedient of pre- 
paring the particle-free supernatant fraction, the activity of which is in- 
hibited in the whole homogenate. The observation that adenosine or ATP 
stimulation of C“O» release is accompanied by changes suggestive of nu- 
cleoside formation indicates that uracil may not be the reaction substrate. 
Both of the supplements contain nucleoside linkages which can be utilized 
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by the nucleoside phosphorylases present in liver (27-30). 


Non-ayaij. 
ability of substrate or of energy for,formation of a nucleoside might the, 
explain the inhibition of CO, release observed in the whole homogenat. 
The possibility that free uracil is not the substrate for CO» release might 
also explain the observation that urinary excretion of uracil is complete gf 
3 hours, at which time only 50 to 60 per cent of the total respiratory Cx, 
formation has occurred. 


It is interesting that the formate exchange reaction involving the ureid 
(C-2) carbon of hypoxanthine, which seems to require a nucleoside as gyb. 
strate, is also localized in the supernatant fraction (31, 32). Since (0, 
has been shown to enter the ureido carbon of uracil (33, 34) and we have 
shown its release, the analogy to the purine reaction suggested the poss. 
bility of a CO, exchange reaction. Efforts to demonstrate this reaction 
with inert uracil and bicarbonate-C™ were unsuccessful in vivo and in vitro, 
The chromatographically isolated carrier uracil contained small amounts of 
C*, insufficient to serve as evidence for the exchange reaction. 

Finally, mention must be made of the possible significance of the in- 
corporation of isotope in vitro into the nucleic acids of liver homogenates, 
This incorporation may indicate utilization of the uracil, as has been shown 
for the intact pretumor and tumor-bearing rats (4), in contrast to its non- 
utilization in the intact normal animal (7, 21, 22). Since the catabolism of 
uracil may involve nucleoside formation, the possibility arises that in- 
corporation in the normal system in vitro, as well as in the tumor animal, 
reflects the activity of synthetic stages beyond the nucleoside which are 
present but dormant in the intact normal rat. This formulation implies 
that the uracil utilization results from a loss or alteration of physiological 
control of nucleic acid synthesis in the in vitro systems and during carcino- 
genesis. 


SUMMARY 


1. Release of the ureido carbon as respiratory CO, represents the major 
pathway of catabolism of the pyrimidine, uracil. 

2. Urea formation from uracil appears to be negligible at endogenous 
metabolism levels and of secondary importance at higher dose levels. 

3. The activity of surviving slices suggests that the liver may be the 
main site of uracil catabolism. 

4. The enzymes responsible for the cleavage of the pyrimidine ring are 


localized in the supernatant fraction and may require a nucleoside as sub- 
strate. 


We should like to express our deep appreciation to our assistant during 
this investigation, Mrs. Edith Gollub, as well as to our technician, Mrs. B. 
Burress. 
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THE AMINO ACID REQUIREMENTS OF MAN 


VI. THE ROLE OF THE CALORIC INTAKE* 
gy WILLIAM C. ROSE, MINOR J. COON,} ann G. FREDERICK LAMBERT? 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana, Illinois) 


(Received for publication, March 24, 1954) 


Reference has been made repeatedly in the preceding papers of this 
gries (1-5) to the relatively high caloric intakes found necessary in human 
subjects receiving diets in which amino acids are virtually the sole sources 
of nitrogen. This unexpected observation has been the most disconcerting 
feature of experiments involving the use of such diets. When an investi- 
gation of the amino acid requirements of man was first undertaken in this 
laboratory almost 12 years ago, the assumption was made that 40 calories 
per kilo of body weight per day would be sufficient. This, however, proved 
not to be the case, even when the diets furnished from 7 to 10 gm. of total 
nitrogen daily. Invariably, the subjects either failed to come into balance 
or, in rare instances, did so only after prolonged foreperiods. When the 
caloric intakes were increased sufficiently, nitrogen equilibrium ensued 
promptly. 

In view of the above experience, it seemed necessary to determine 
whether the presence of the amino acids was the only dietary factor re- 
sponsible. If so, the substitution of an appropriate amount of protein for 
the mixture of amino acids, without altering the basal ration in other re- 
spects, should lead to a more normal behavior of the subjects. To test 
this hypothesis, comparisons were made of the caloric needs of individuals, 
under otherwise identical conditions, when they were ingesting rations 
containing casein, hydrolyzed casein, and mixtures of pure amino acids, 
respectively. The results obtained in three experiments of this nature are 
described in the following pages. 


* Aided by grants from the Nutrition Foundation, Inc., and the Graduate College 
Research Fund of the University of Illinois. 

} The experimental data in this paper are taken from a thesis submitted by Minor 
J. Coon in partial fulfilment of the requirements for the degree of Doctor of Philos- 
ophy in Biochemistry in the Graduate College of the University of Illinois. Present 
address, School of Medicine, University of Pennsylvania, Philadelphia, Pennsy] 
vania. 

t Present address, Nutrition Research Department, Abbott Laboratories, North 
Chicago, Ilinois. 
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EXPERIMENTAL 


The general procedures employed in the conduct of all of the experiments 
of this series, the methods used in analyzing the foods and excreta, and the 
techniques involved in the preparation of the diets have been described jp 
detail elsewhere (1). In the present study, the nitrogenous portion of the 
rations was furnished in the form of either whole casein, acid-hydrolyzeq 
casein supplemented with tryptophan, an enzymatic hydrolysate, or one 
of three mixtures of pure amino acids. The whole casein was a commercial 
product,’ and was used without further purification. A hydrolysate was 
prepared from the same material by refluxing it with sulfuric acid as de. 
scribed by Berg and Rose (6), carefully removing the sulfate ions, and 
evaporating the filtrate to dryness in vacuo. Before use, the requisite daily 
intake was supplemented with 0.20 gm. of L-tryptophan. The enzymatic 
hydrolysate was a commercial preparation which was said to have been 
made by the digestion of casein with fresh pancreas. It was used as pur- 
chased. 

Table I records the composition and daily intakes of three amino acid 
mixtures. Mixture 50 was empirically formulated to furnish the eight 
essentials, each in an amount which was considerably in excess of human 
needs, except in the case of tryptophan. The relatively low quantity 
(0.20 gm.) of L-tryptophan had been found adequate in several preliminary 
experiments with other subjects, and was known to be a sufficient intake 
for the one individual who consumed this mixture in the present study, 
Mixture 102 also was composed of the eight essentials, but the quantities 
were adjusted to furnish approximately the same amounts of the L isomers 
as are present in 67.1 gm. of casein. This was the amount of casein usually 
included in the protein control rations. Both Mixtures 50 and 102 con- 
tained glycine and urea as additional sources of nitrogen, since these con- 
pounds can be utilized by the rat for the synthesis of the non-essential 
amino acids (7). It was assumed that the human organism is no less 
efficient in this regard. 

In contrast to Mixtures 50 and 102, Mixture 103 was complete in the 
sense that it contained all of the recognized amino acids and citrulline, 
which has been reported as a component of casein (8, 9). The citrulline 
was synthesized by a modification of the procedure of Kurtz (10). Within 
the limitations imposed by the necessity of using several racemic amino 
acids as components of this mixture and of keeping the total nitrogen con- 
tent at the desired level, the distribution of the L isomers was made to 
approach as closely as possible that of the casein control ration. Certainly, 
the content of each essential was greatly in excess of the minimal human 
requirement. 


! Labco brand, vitamin-free casein, The Borden Company, New York, New York. 
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Table I reveals the fact that several racemic amino acids were employed 
in the preparation of each mixture. This was unavoidable in view of the 
relatively large quantities of amino acids involved in the feeding of human 
sibjects. However, the expediency of using these compounds introduced 


TABLE I 
Composition and Daily Intakes of Amino Acid Miztures 





as 


Mixture 50 | Mixture 102 | Mixture 103 
| | 





| 


—— a 














gm. gm. | gm. 
Valine. . 8.56* 10.60* | 9.04* 
Leucine. . . | 4.91 6.60 5.62 
Jsoleucine. . 6.16* 7.00* 5.96* 
Methionine. . 3.68* 4.40* 3.68* 
Threonine...... 6.16* 5.80* 4.94* 
Phenylalanine. ... 3.00 5.40* 4.58* 
Tryptophan......... sats 0.20 0.80 0.69 
Lysine monohydrochloride monohydrate 2.74 5.25 4.47} 
Histidine = 5 . 1.96 
Arginine om! Mansheeiraie me 2.59 
SG se ow 4 <0 a 20.59 13.83 0.23 
Alanine......... 2.12* 
ee 5.74* 
0 0.20 
Tyrosine........ 3.50 
AS 4.55 
Hydroxyproline . | 0.11 
Aspartic acid. .. 7.70* 
Glutamic “ .. ‘ | 12.60 
Citrulline. . . 1.14* 
ae 4,29 4.29 | 
Total daily intake. . = 60.29 | 63.97 81.42 
* WN content...... Myers a: ae 17 | 9.77 
58 


N of p-amino acids other than methionine ah oa |} a | 2.44 





tu-Lysine monohydrochloride instead of ut-lysine monohydrochloride mono- 
hydrate. 


a complication which must be considered at this point. Since the purpose 
of the investigation was to compare the effects of constant intakes of nitrogen 
from different sources upon the caloric requirements, the question arose as 
to whether the nitrogen of the p-amino acids should be included as part of 
the total or should be ignored as though absent or entirely valueless to the 
organism. Much could be said in favor of each point of view. Certain 
D-amino acids are known to be utilized very incompletely or not at all by 
animals. Attention has been called frequently in our human experiments 
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to the fact that the relatively high values for urinary amino nitrogen wer 
probably due to the partial excretion of D-valine, p-isoleucine, and p-threo. 
nine (cf. (5)). On the other hand, one cannot conclude, on the basis of 
available evidence, that no utilization of the nitrogen of these amino acids 
occurs in man. Aside from p-methionine and to a lesser extent p-pheny'- 
alanine, which are used readily by the human organisms, as will be show, 
in later papers, smaller amounts of the nitrogen of other D-amino acids may 
play some useful réle. In any event, no satisfactory basis appears to exist 
which would warrant the exclusion of such nitrogen in calculating the total 
intake. Furthermore, all of our human studies have involved the use of 
mixtures containing racemic compounds, and the object of the comparisons 
herein described was to determine whether the type of diet ordinarily em. 
ployed necessitates a higher caloric intake than does a like ration containing 
protein. Consequently, the values for total nitrogen shown near the bot- 
tom of Table I include the nitrogen of the p enantiomorphs. The actual 
quantities of nitrogen derived from the p isomers, other than p-methionine, 
also are shown. 

The amino acids used in preparing the mixtures were invariably purified 
until they yielded correct analytical values. The air-dried acids were then 
carefully weighed and ground together in a ball mill for approximately 12 
hours. The resulting powder was analyzed, and an amount which would 
furnish exactly the desired quantity of nitrogen was administered to each 
subject daily. The casein and hydrolysates were similarly analyzed for 
nitrogen in order to determine the precise daily dose. This procedure in- 
sures a more accurate control of the nitrogen intake than does the use of 
thoroughly dried materials. Both proteins and amino acids, when freed 
of moisture, are distinctly hygroscopic. The mixtures and hydrolysates 
were ingested by the subjects in aqueous solution flavored with filtered 
lemon juice. The whole casein was consumed as a water suspension. 

A large part of the total caloric intakes of the subjects was furnished in 
the form of wafers. These were composed of corn-starch, sucrose, unsalted 
butter fat (which had been melted and centrifuged to remove particles of 
protein), corn oil, a salt mixture, and a baking powder prepared in this 
laboratory. Sodium chloride also was added to improve the flavor of the 
product. The method of preparing and dispensing the wafers and the 
composition of the salt mixture and baking powder have been described 
elsewhere (ef. (1)). 

The wafers used in the course of our human amino acid investigations 
have varied widely, particularly with respect to the caloric content of the 
finished products. In all cases, the daily allotment of corn oil, salt mixture, 
baking powder, and sodium chloride has been kept constant. The differ- 
ences in energy value have been brought about by varying the amounts of 
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starch, sucrose, and butter fat. In the present study, several formulas 
were employed because of the necessity of making marked modifications 
in the caloric intakes of the subjects, as will be noted later. The composi- 
tion and daily intakes of two such preparations (Wafers IV and V) are 
presented in Table II. Wafers IV possessed a relatively high caloric con- 
tent, while that for Wafers V was lower in energy value. Other prepara- 
tions not shown in Table II were of analogous composition, but contained 
till smaller quantities of starch, sucrose, and butter fat. 

In addition to the appropriate amino acid mixture or other source of 
nitrogen and the wafers, the diets contained varying amounts of sucrose 


TaBLeE IT 
Composition and Daily Intakes of Wafers IV and V* 


Wafers IV Wafers V 


Approximate 


Daily intake | 4PProximate | p, ily intake | Approximate 
caloriest | caloriest 


gm. gm. 

Cume-starch 396 .00 1480 | 300.00 1121 
Sucrose... oe 80.00 | 317 | 60.00 238 
Butter fat (melted and centrifuged). . 80.00 744 | 60.00 558 
Corn oil. 5.00 47 5.00 47 
Salt mixture (1) 4.71 4.71 
Baking powder (starch) 7.60 10 | 7.60 | 10 
Sodium chloride 10.00 | | 10.00 | 

583.31 | 2598 447 .31 1974 


* The daily intakes of Wafers IV and V contained, respectively, 0.23 and 0.18 gm. 
of unknown nitrogen. 
+ After correcting for moisture. 


and butter fat to adjust the caloric intakes to the exact values desired. In 
making these adjustments, care was taken to maintain the ratio of calories 
from carbohydrates to calories from fats in the entire diet at approximately 
25. By this practice the possibility was avoided that wide fluctuations 
in the proportion of carbohydrates might, through the ‘sparing action” of 
the latter, affect the results. One-third of the daily intake of all compo- 
nents was consumed by the subjects at each meal. Suitable quantities of 
vitamins were supplied in the form of cod liver oil, and pills composed of 
crystalline compounds supplemented with a butyl alcohol extract of Wil- 
son’s liver powder 1:20 (cf. (1) Table ITT). 

Unfortunately, artificial diets of the kind used throughout this series of 
experiments contain traces of unknown nitrogen. In the present study, 
these traces ranged from 0.19 to 0.31 gm. per day, and were derived largely 
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from the starch and in lesser amounts from the butter fat, liver concep. 
trate, and lemon juice. Since no information was available concerning the 
chemical nature or metabolic availability of these miscellaneous sources of 
nitrogen, and since the amount present depended upon the caloric (starch) 
intake of the subject, a question arose as to the most appropriate way of 
dealing with this variable. One method would have been to diminish 
slightly the intake of casein, hydrolysate, or amino acid mixture as the un- 
known nitrogen increased, and thus to maintain a constant intake of total 
nitrogen. The other possibility was to keep the main source of nitrogen 
constant throughout, and to permit the total nitrogen of the ration to vary 


Taste III 
Caloric Requirements on Diets Containing Casein or Amino Acid Miztures 
Subject M. J. C., 65.0 kilos. 


Daily 
Duration} caloric Daily | Average 
Source of dietary nitrogen of intake per N aily 
period | kilo body | intake | N balance 
weight 
days | gm. ef yey 
Whole casein. ... ; 4 | 45.5 10.07 | +1.40 
Amino acid Mixture 50; 8 essentials + glycine and 
urea... 7 45.5 10.07 | —0.% 
= ” 5 55.0 | 10.07 | +0.92 
Whole casein 4 45.5 10.08 | +0.59 
Acid-hydrolyzed casein + 0.2 gm. L-tryptophan 5 45.5 | 10.08 | +0.53 
Whole casein ; 6 35.0 10.02 | +0.12 
Enzymatically hydrolyzed casein 5 35.0 | 10.02 | —0.36 
Acid-hydrolyzed casein + 0.2 gm. L-tryptophan 5 35.0 | 10.02 | —0.57 


slightly. The latter alternative was chosen as the less objectionable, par- 
ticularly in view of the fact that the maximal variations thereby induced 
in the three experiments were 0.06, 0.05, and 0.08 gm. of nitrogen per day, 
respectively. Thus, the casein, hydrolysate, or mixture of pure amino 
acids invariably furnished 9.77 gm. of nitrogen per day. The extent to 
which the total nitrogen varied as a result of alterations in the caloric 
values of the diets is shown by the figures representing the daily nitrogen 
intakes of the subjects. 

The results of the three experiments are summarized in Tables III to V. 
Throughout, the figures represent period averages. Table III records the 
findings in an experiment upon subject M. J.C. This test was carried out 
in two parts. The first part (upper three periods) demonstrates that a diet 
containing casein and furnishing 45.5 calories per kilo of body weight per 
day led to a strong positive balance, as was to be expected. However, 
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when the casein was replaced by amino acid Mixture 50, consisting of the 
eight essentials supplemented with glycine and urea, a distinctly negative 
balance occurred. Raising the caloric intake to 55 calories per kilo of body 
weight per day resulted immediately in strong nitrogen retention. 

The above observations suggested the possibility that the difference in 
the behavior of the subject on the two sources of nitrogen might be due 
solely to the absence in one case of the non-essential amino acids. In 
other words, it was reasoned, the synthesis in vivo of the twelve amino 
acids which were excluded from the food when Mixture 50 was the source 
of nitrogen might be a more “‘expensive”’ process than is generally appre- 
ciated, and might involve for its accomplishment the use of considerable 
additional energy. ‘This hypothesis, however, seems untenable, at least as 
a significant factor, in the light of results to be described in subsequent 
tests. 

The second part of the experiment upon M. J. C. (lower five periods of 
Table III) was conducted 4 months after the first. It consisted of com- 
parisons of whole casein and casein which had been hydrolyzed with acid 
or enzymes. ‘The results show that both whole and acid-hydrolyzed ca- 
sein, the latter having been supplemented with tryptophan, induced strong 
positive nitrogen balances when the energy intake amounted to 45.5 calo- 
ries per kilo of body weight per day. On the other hand, reducing the 
calories to 35 per kilo gave a diet which, though still adequate when casein 
furnished the nitrogen, led promptly to negative balances when the whole 
casein was replaced by either acid-hydrolyzed or enzymatically hydrolyzed 
protein. It should be noted also that the acid-hydrolyzed casein appears 
to be superior in this respect to a mixture of the eight essential amino 
acids. Probably this would apply with equal or greater force to the en- 
zymatically hydrolyzed product, although no direct comparison between 
it and the amino acid mixture was made at the same caloric level. 

The data obtained in the experiment upon subject M. J. C. were con- 
firmed and extended by the observations upon subject W. A. S., as sum- 
marized in Table IV. When casein was the source of nitrogen consumed 
by this subject, energy intakes of either 45 or 35 calories per kilo of body 
weight per day induced positive nitrogen balances. On the contrary, when 
whole casein was replaced at the lower caloric level by an acid hydrolysate 
without otherwise altering the composition of the ration, a distinctly nega- 
tive balance ensued. Increasing the energy value of the diet to 45 calories 
per kilo resulted in an immediate reversal of the state of balance, with an 
average daily nitrogen retention of 0.50 gm. Quite evidently, nitrogen 
equilibrium is attained with a lower caloric intake when whole casein 
furnishes the dietary nitrogen than when the same preparation of protein 
is subjected to preliminary hydrolysis with acid. 

In succeeding periods of this experiment, very significant findings were 
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obtained with two mixtures of purified amino acids. As pointed out pre 
viously, Mixture 102, containing the eight essentials plus additional source 
of nitrogen, was designed to furnish approximately the same amounts of 
the L isomers as were present in the casein control ration, while Mixture 
103 carried all of the amino acids which are recognized as components of 
casein. In view of these facts, it would not be unreasonable to suppog 
that one or both of these mixtures might prove to be as efficient as casei 
in the maintenance of nitrogen equilibrium. However, examination of the 
data in Table IV reveals truly amazing differences. When the diet fyr. 
nished 45 calories per kilo of body weight per day, Mixture 102 induced g 


TABLE IV 
Caloric Requirements on Diets Containing Casein or Amino Acid Miztures 
Subject W. A. 8., 71.0 kilos. 


Daily 
Duration; caloric Daily | Average 
Source of dietary nitrogen of intake per N daily 
period | kilo body | intake | N balane: 
weight 
days gm. gm : 
Whole casein 5 45 10.08 | +0.63 
= =: 7 35 10.03 | +0.14 
Acid-hydrolyzed casein + 0.2 gm. L-tryptophan 8 35 10.03 | —0.29 
= +02 “* _ . 6 15 10.08 | +0.50 
Amino acid Mixture 102; 8 essentials + glycine | 
and urea 5 45 10.08 | +0.33 
- - 6 35 10.03 | —0.91 
Ammo acid Mixture 103; 20 amino acids 6 35 =| 10.03 | —0.93 
Whole casein.... 5 35 10.03 | +0.46 


Enzymatically hydrolyzed casein...... 6 35 10.03 | —0.09 


strong nitrogen retention. On the contrary, with energy intakes of 35 
calories per kilo, neither Mixture 102 nor Mixture 103 was capable of in- 
ducing nitrogen equilibrium. Indeed, the average daily nitrogen loss in 
ach case was approximately 0.90 gm. Thus, the findings afford no basis 
for an assumption that the ‘“‘complete” mixture (Mixture 103) was superior 
to the one containing the eight essentials (Mixture 102). This fact and 
the results with the acid-hydrolyzed casein seem to dispose of the pos- 
sibility suggested above that the synthesis of the non-essentials accounts 
for the additional energy required by subjects ingesting rations carrying 
the essentials only. Furthermore, while conclusions based upon the degree 
of positive or negative balance are certainly open to serious question, erit- 
ical analysis of the data in Table IV suggests again that acid-hydrolyzed 
casein may be slightly superior to mixtures of purified amino acids with re- 
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spect to the calories required for nitrogen equilibrium. However, if this is 
true in the case of subject W. A. S., the magnitude of the superiority is 
much less than it appeared to be in the experiment upon subject M. J. C. 
(Table III). Attention is called also to the fact that M. J. C. could not be 
maintained upon a diet containing Mixture 50 and furnishing 45.5 calories 
per kilo, while W. A. S. showed a distinct nitrogen retention upon a ration 
containing Mixture 102 and carrying 45 calories per kilo. Individual vari- 
ations of this sort have been encountered throughout our human experi- 
ments and are responsible, in part, for the routine practice of using energy 


TABLE V 
Caloric Requirements on Diets Containing Casein or Amino Acid Mixtures 
Subject H. D. P., 73.0 kilos. 





| Daily | 





Duration) caloric | ad Average 
Source of dietary nitrogen of intake per daily 
period | kilo body | tithe | N balance 
| weight | 
es days | | gm | gm 
IEEE FREE OLR Ce s 5 45 | 10.03 | +0.96 
os A eee ee me eee ee 5 35 10.03 | +0.25 
Acid-hydroly sed casein + 0. 8 gm. L -tryptophan*. 6 | 35 | 10.03 | —0.02 
<< . +08 ‘ iS 5 25 9.96 | —1.40 
Whole casein. ... ie wiv cea €a5 Se 5 25 | 9.96 | —1.18 
Amino acid Mixture 102; 8 essentials + glycine 
and urea...... - ERS ae 5 35 | 10.03 | —0.90 
- " 6 45 10.04 | +0.14 


*This preparation, in contrast to the acid-hydrolyzed casein used in the two 
preceding experiments, was commercially prepared and consequently may not have 
been entirely comparable in composition. 


intakes in excess of 45 calories per kilo in most of the experiments to be 
described in later papers of this series. 

The last two lines of Table IV represent the results of a comparison be- 
tween whole and enzymatically hydrolyzed casein. This test was made 6 
months after the completion of the preceding experiment. As the figures 
show, the subject was practically in nitrogen equilibrium on the enzymat- 
ically hydrolyzed protein, even with an energy intake of 35 calories per 
kilo. The daily balances for the period, which are not shown in Table IV, 
were positive on 2 and negative on 4 days. The data appear to indicate a 
slight superiority of the material over acid-hydrolyzed casein. It is fair to 
point out, however, that the two preparations were not entirely compara- 
ble, since one involved the use of considerable amounts of fresh pancreas 
which may have contributed to the nutritive quality of the final product. 

The third and last experiment is summarized in Table V. The data sub- 
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stantiate the findings described in the preceding experiments; namely, 
that diets furnishing the essential amino acids and 35 calories per kilo of 
body weight per day are inferior to like diets containing whole casein in g 
far as nitrogen equilibrium is concerned, and that acid-hydrolyzed caseip 
appears to be superior in this respect to mixtures of the purified compo- 
nents. Indeed, subject H. D. P., in contrast to the other two, was virty. 
ally in balance upon a ration carrying the acid-hydrolyzed casein and 35 
calories per kilo.2 When the energy intake was reduced to 25 calories per 
kilo, neither whole casein nor the acid-hydrolyzed protein induced nitrogen 
balance. This was not unexpected inasmuch as active young men upon 
ordinary diets normally require more calories than this. 


DISCUSSION 


The experiments outlined above demonstrate that all three subjects were 
maintained readily upon diets furnishing 35 calories per kilo of body 
weight per day when whole casein was the source of nitrogen. On the 
contrary, at this caloric level the replacement of whole casein by acid- 
hydrolyzed casein supplemented with tryptophan led promptly to negative 
balances in two subjects, and to approximate equilibrium in the third, 
With mixtures of purified amino acid, each of the three subjects exper- 
enced a loss of body nitrogen until his caloric intake was increased. In- 
deed, one subject upon such a dietary régime required more than 455 
calories per kilo of body weight. In a single experiment, no difference 
could be detected in the metabolic behavior of the subject when he received 
a mixture containing all of the amino acids recognized as components of 
casein as contrasted with one carrying the eight essentials supplemented 
with additional sources of nitrogen. Little significance is attached to the 
findings with the enzymatically hydrolyzed protein, since this preparation 
obviously was not entirely comparable to the whole casein or acid-hydro- 
lyzed material. In so far as the data permit one to judge, the enzymat- 
ically digested material appeared to be slightly superior to the one pre- 
pared by the use of acid. 

The authors are concerned primarily with comparisons of whole casein 
and mixtures of purified amino acids, since the latter have been used 
throughout the entire program dealing with the amino acid requirements 
of man. The data herein recorded appear to leave no reasonable grounds 
for doubting that diets containing such amino acid mixtures necessitate 
higher caloric intakes for nitrogen balance than do like rations containing 
whole casein. No satisfactory explanation can be offered to account for 

2 Attention is called to the foot-note of Table V, indicating that the hydrolyzed 


casein used in this experiment was a commercial product. No information is avail- 
able concerning its preparation or composition. 
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these unexpected observations. One might anticipate that amino acids 
would be absorbed from the alimentary tract more rapidly when ingested 
in the free state than when they must first be liberated from proteins by 
the process of digestion. Conceivably, this might lead to a temporary 
flooding of the organism, thereby inducing either a spillage into the urine 
or an accelerated catabolism. That wastage through excretion does not 
oecur to a significant extent is demonstrated by the daily determinations 
of urinary a-amino nitrogen as summarized in the preceding papers of this 
gries (1-5). These values, though high, were always less than could be 
accounted for by the intakes of the p enantiomorphs of valine, isoleucine, 
and threonine. The possibility that an accelerated catabolism of the free 
amino acids may have occurred cannot be excluded, but, in that event, 
one might more reasonably expect the organism to require an increased 
nitrogen intake rather than a higher energy consumption. 

Other possible explanations of the high caloric requirements come to 
mind, but unfortunately are not based upon experimental evidence. Is it 
possible that the liberation of amino acids from proteins during alimentary 
digestion proceeds in the order and at the rate best adapted for their 
economical use in anabolic reactions? Does this account for a lower ex- 
penditure of energy when proteins are consumed than when amino acids 
are ingested in the free state and enter the circulation more or less simul- 
taneously? Or do proteins contain, or carry as a contaminant, some 
substance which is involved in the efficient utilization of food energy or 
amino acids, and is this substance destroyed, partially or completely, by 
acid hydrolysis? Answers to these hypothetical questions are not avail- 
able at the present time. Of interest in this connection are the observa- 
tions of Snell and his associates (11, 12) that peptides of certain essential 
amino acids are more effective than the free amino acids which they con- 
tain in promoting the growth of microorganisms. 


SUMMARY 


Comparisons have been made of the caloric intakes necessary for nitrogen 
balance in human subjects receiving diets containing, respectively, casein, 
acid-hydrolyzed casein, and mixtures of highly purified amino acids. The 
results demonstrate that the subjects were maintained readily upon rations 
furnishing 35 calories per kilo of body weight per day when whole casein 
was the source of nitrogen. On the contrary, at this caloric level, the 
replacement of whole casein by acid-hydrolyzed casein supplemented with 
tryptophan led promptly to negative balances in two subjects, and to 
approximate equilibrium in a third. Raising the energy intakes of the 
first two subjects to 45 calories per kilo induced positive balances. 

With mixtures of purified amino acids, each subject experienced a loss 
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of body nitrogen until his caloric intake was increased above the ley¢| 
found adequate with an otherwise identical diet containing whole caseiy 
Indeed, in one subject the requirement exceeded 45.5 calories per kilo of 
body weight per day. No difference could be detected in this respect be. 
tween a mixture containing all of the amino acids recognized as compo. 
nents of casein and one carrying only the eight essentials supplemented with 
additional sources of nitrogen. The data appear to demonstrate ¢gp. 
clusively that diets containing amino acid mixtures, such as have bee, 
used throughout this series of studies, necessitate higher caloric intakes 
for nitrogen balance than do like rations carrying whole casein. The pos. 
sible significance of these unexpected findings is discussed. 
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THE EFFECT OF THEILER’S GD VII VIRUS ON THE INTRA- 
CELLULAR DISTRIBUTION OF RADIOPHOSPHORUS 
IN MOUSE BRAIN IN VITRO* 


By KIVIE MOLDAVET 
Wir THE TECHNICAL ASSISTANCE OF DorotTHy LAGERBORG 


(From the Department of Biochemistry and Nutrition, University of Southern California 
School of Medicine, and the Laboratory Division, Los Angeles County Hospital, 
Los Angeles, California) 


(Received for publication, March 27, 1954) 


The uptake in vitro of P**O, into the phospholipide, protein, and ribo- 
nucleic acid fractions of minced 1 day-old mouse brain is stimulated by 
infection of this tissue with Theiler’s GD VII virus (1). These effects 
are observed during the period of maximal virus growth, and suggest that 
the propagation of the virus in mouse brain cultures is associated with the 
turnover of phosphorus in the acid-insoluble fractions of the host tissue. 

Subsequent studies have revealed a similar relationship between virus 
growth and the amino acid metabolism of mouse brain (2-4). 

In the present study, the incorporation of radiophosphorus into the 
lipide, protein, and nucleic acids from various cellular fractions of mouse 
brain has been investigated. 


EXPERIMENTAL 


60 to 80 mg. of minced 1 day-old mouse brain were incubated in 3 ml. of 
Simms’ solution containing 2 to 4 ue. of P*°O, in the presence and absence 
of Theiler’s GD VII strain of mouse encephalomyelitis virus as previously 
described (1, 5). After incubation at 35° for 24 hours, the contents of 
twelve tissue culture flasks with and without virus, respectively, were com- 
bined and centrifuged at 1500 r.p.m. for 10 minutes to separate the tissue 
culture supernatant fluid from the residual brain tissue (5). 

The mouse brain ‘tissue was homogenized in 9 volumes of cold isotonic 
sucrose, and “cellular fractions” were prepared by modifications of the 
differential centrifugation procedure of Schneider and Hogeboom (6) and 
of Brody and Bain (7) for mammalian brain. The residue designated as 
Fraction I was obtained by centrifugation in a preparative Spinco ultra- 
centrifuge at 1500 x g (calculated from the radius at the bottom of the 

* Aided by a grant from the National Cancer Institute of the National Institutes 
of Health. 

t Present address, Faculté des Sciences, Laboratoire de Chimie Biologique, Paris, 


France. 
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tube) for 10 minutes. Fraction II was obtained at 12,500 X g for 15 
minutes and Fraction III at 144,700 & gfor1 hour. The soluble superna- 
tant fluid from Fraction III was designated as Fraction IV. All open. 
tions were carried out at 04°; control and virus-infected cultures wer 
centrifuged simultaneously to insure comparable fractions. 

The total acid-soluble, lipide, protein, and nucleic acids from the tisgye 
culture supernatant fluid and the “cellular fractions” were separated by g 
modification of the method of Hurlbert and Potter (8) as described by 
Tyner et al. (9). Unfortunately, the total amount of combined nueleic 
acids from Fraction I was too small to allow separation of the ribonucleic 
from the desoxyribonucleic acid. 


TaBLeE I 
Radioactivity of Certain Components of Several Cellular Fractions of Mouse 
Brain in Presence and Absence of Virus 


Specific activity, counts per minute per microgram of phosphorus. 


Total 


Nucleic 
acid-soluble 


Lipide Protein acid 


Con- In- | Con- In- Con- In- Con- | In 
trol fected | trol | fected| trol fected | trol | fected 





Tissue culture supernatant..... .|2835.0.2990.0) 23. 


7/ 29.11 8.7| 6.6/6.0 9.0 

Cellular Fraction I. .. | 80.1) 81.0) 77.1 |100.2) 35.7 | 37.8 |23.1%*/23.4* 
‘“ ‘ II ; | 56.4, 55.8) 76.8 | 85.8) 13.2 | 14.1| 8.6! 84 

«6 «6 Ill. ....| 69.3 71.7) 79.2 102.9] 15.0 | 39.3 |12.9 23.7 

“ se IV............] 780.0] 843.0) 66.3 | 84 | 31.2 | 31.5 | 9.3 {11.7 


* Values for combined ribo- and desoxyribonucleic acid. 


Duplicate aliquots from all samples were counted for P* as described 
(1). Phosphorus analyses were carried out by the method of LePage (10). 


RESULTS AND DISCUSSION 


Brody and Bain (7) have reported that the residue from the centrifuga- 
tion of rabbit or rat brain homogenates at 1500 X g contains some whole 
cells, nuclei, tissue fragments, and mitochondria; subsequent centrifuga- 
tion at higher speeds yielded fairly pure preparations of mitochondria or 
microsomes. The homogeneity of the fractions used in the present study 
was not determined. 

The specific activities of the samples obtained are presented in Table I. 
The extent of incorporation of P**O, into the phospholipides appeared to 
be somewhat increased over the controls in all the “cellular fractions” 
prepared from the virus-infected tissue. The data presented also show 
that there was approximately a 2-fold increase in the specific activities of 
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15 | the protein and nucleic acid of Fraction III. These virus effects are re- 
na- | flected in the increased turnover of mouse brain lipide, protein, and ribo- 
ra- | nucleic acid phosphorus previously reported (1). 

ere Experiments of Cohen (11), Hyden (12), and Rafelson et al. (1) indicate 
that bacteriophage and viruses appear to have a redirecting effect on the 
sue | nucleoprotein metabolism of the infected cells. The present results sug- 
ya | gest that, in this in vitro system, the observed effect of virus propagation 
by | on nucleoprotein metabolism is principally on the small particulate frac- 
cic tion sedimented at high speeds. These results suggest a possible relation- 
leie | ship between virus reproduction and the phosphorus metabolism of small 
cytoplasmic particles, perhaps comparable to microsomes. Griffiths and 
Pace (13) found that rat liver microsomes incorporated relatively little 
p® in comparison with mitochondria or nuclei. 


We wish to acknowledge the advice and encouragement of Dr. Harold 
E. Pearson and Dr. Richard J. Winzler. 


SUMMARY 


In- The incorporation of P* into the acid-insoluble fractions of various 
cted . . ° . . ° 

a cellular components of mouse brain in vitro has been investigated. 

.0 Propagation of Theiler’s GD VII virus in these tissue cultures stimu- 


4" 7 lated the uptake of P*°O, into the phospholipide of all ‘cellular fractions.”’ 
: The most pronounced effect of the virus was its stimulation of P®O, in- 
; corporation into the protein and nucleic acid fractions of the smallest 
| particulate fraction. 
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THE GROWTH-PROMOTING EFFECT OF CERTAIN AMINO 
ACIDS FOR PYRIMIDINELESS NEUROSPORA MUTANTS 


By JAMES L. FAIRLEY 


(From the Kedzie Chemical Laboratory, Michigan State College, 
East Lansing, Michigan) 


(Received for publication, April 7, 1954) 


The normal route of pyrimidine biosynthesis is as yet uncertain, although 
gveral 4-carbon dicarboxylic acids have been shown to play a réle in this 
process in various organisms. Mitchell and Houlahan (1) have demon- 
strated that oxalacetate and aminofumarate in relatively high concentra- 
tion would permit growth of “partial block” pyrimidineless Neurospora 
mutants, while Cooper and Wilson have shown that the diamide of amino- 
fumaric acid is incorporated into the pyrimidines of rat liver (2). Ureido- 
succinic acid serves well as a pyrimidine precursor for Lactobacillus bul- 
garicus (3), and aspartic acid carbon atoms have been shown to enter 
rapidly into pyrimidines in rat liver slices (4). Presumably in each case 
an aliphatic nitrogen riboside may be an intermediate, followed by ring 
dosure to give orotidine, the riboside of orotic acid. This compound by 
loss of carbon dioxide would then yield uridine. 

The present work demonstrates that several 4-carbon monocarboxylic 
amino acids, specifically threonine and a-amino-n-butyric acid, are able to 
support growth of various pyrimidine-deficient mutants of Neurospora 
crassa, and suggests a possible utilization of these substances in pyrimidine 
synthesis in this organism. 


EXPERIMENTAL 


Materials—p.-a-Amino-n-butyric acid and pu-threonine were prepara- 
tions of the Nutritional Biochemicals Corporation. The basal medium 
wed in the growth experiments was that described by Mitchell and Houla- 
han (5), consisting ef sucrose, ammonium tartrate, inorganic salts, and 
biotin. 

Growth Procedure—The growth of the mold was allowed to take place in 
125 ml. Erlenmeyer flasks containing 25 ml. of basal medium to which the 
desired supplementary compound or compounds were added. The flasks 
were stoppered with cotton plugs, sterilized by autoclaving, and then inocu- 
lated with 3 drops of a dilute suspension of spores of the mold. Growth 
was allowed to proceed at 25° (35° for strain 37815, a temperature-sensi- 
tive mutant requiring pyrimidines only above 30°) for the period desired. 
The mycelial pads were then harvested, rinsed with distilled water, dried 
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at 60° overnight, and weighed. Triplicate determinations were made jy 
all cases and the average of the results taken. 

Organisms—The mutant strains of N. crassa studied were of three genetic 
types. In preliminary experiments two of these, represented by strains 
263 and 38502, did not grow in a basal medium supplemented only with 
aminobutyric acid or with threonine. However, three strains of the re. 
maining genetic type, 37301, 37815, and 1298, were all found to grow in the 
absence of pyrimidines, provided one of the amino acids was present. jf 
these three strains, 1298 has been studied to the greatest extent and was 
used in all experiments described below. This and strain 37301 may well 
be identical, although sufficient genetic work has not been done to estab. 
lish this point. All of these mutant strains were obtained through the 
generosity of Dr. H. K. Mitchell. 

Growth-Promoting Effects of Aminobutyric Acid and Threonine—Thre- 
onine and aminobutyric acid were added separately to the basal medium 
in amounts necessary to provide concentrations of 1, 5, and 10 mg. per 25 
ml. of medium. The amount of mycelium produced by mutant 1298 was 
determined after 4 days incubation for aminobutyric acid and 9 days for 
threonine. Controls containing only basal medium were included, as were 
flasks containing varying amounts of uracil ranging from 1 to 5 mg. to 
provide standards for comparative purposes. 

The results, presented in Table I, demonstrate that on a weight basis 
aminobutyric acid was about one-half as effective in promoting growth of 
the mutant as was uracil itself. Growth in the presence of threonine was 
initiated more slowly than in the case of aminobutyric acid. Even in this 
case, however, threonine was about one-fourth as effective as uracil for the 
growth period of 9 days. 

It should be noted that growth of this mutant in the presence of uracil 
itself apparently requires adaptive alteration of the mold’s enzyme sys- 
tems, for the nucleoside, uridine, is utilized much more efficiently than is 
the free pyrimidine base (6). 

Possible Growth-Promoting Effect of Other Amino Acids—Other amino 
acids tested for a similar effect in promoting growth of the mutant were 
histidine, aspartic acid, serine, valine, and isoleucine. None of these was 
able to provide growth of the mold when added to the basal medium in 
amounts as high as 20 mg. per 25 ml. 

Stimulatory Effect of Aminobutyric Acid in Presence of Uracil and of Un- 
dine—An experiment was carried out in which a constant minimal amount 
of uracil was present (0.5 mg.) and the concentration of aminobutyric 
acid was varied from 0 to 20 mg. per 25 ml. of medium. A similar experi- 
ment was performed in which 0.1 mg. of uridine was always present and 


1 Personal communication from Dr. H. K. Mitchell. 
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ein | the concentration of aminobutyric acid was varied from 0 to 5 mg. The 
growth of the mutant strain 1298 was determined after 4 days incubation. 
etic As shown in Table II, the aminobutyric acid exerted a considerable 
ains | stimulatory effect on the growth of the mutant provided with low concen- 
vith 
re. TABLE I 
the Growth-Promoting Activity of Aminobutyric Acid and Threonine for Pyrimidineless 
-_ N. crassa 1298 
i) a= ae issi & , ‘ ee aes 
Was Supplement to 25 ml. basal medium Incubation period y seagate: Aang 
i) — sia oe pets 
tab- oe 
Sere ere 4 0 
| mg. aminobutyric acid 4 | 2 
5 ‘“ ““ “cc 4 13 
hre- : wie esta , 97 
; 10 mg. aminobutyric acic 4 27 
um | jmg.uracil...... 4 1 
mise * 4 9 
ws |5" “ 4 31 
for None... . , 9 0 
3 | mg. threonine . 9 4 
vere 5 “ ““ ; 9 31 
- 10 | (0 mg. threonine 9 51 
1 mg. uracil 9 9 
mt” 9 45 
hof | — ee ee ee es 
was Tasie II 
this Stimulatory Effect of Aminobutyric Acid for N. crassa 1298 in Presence of Minimal 
the Amounts of Uracil and of Uridine 
i Uracil, 0.5 mg. per 25 ml. Uridine, 0.1 mg. per 25 ml. 
acl 
Sys- Aminobutyric acid, | Growth as Aminobutyric acid, Growth as 
n is mg. per 25 ml. | mg. dry mycelium mg. per 25 ml. | mg. dry mycelium 
P 0 3 0 8 
_ 1 . 17 1 15 
~— 5 33 | 2 | 24 
was 10 39 3 34 
1 in 20 40 5 40 
sate 
Uri- , — ‘ , 
‘ trations of pyrimidines. Whereas the uracil control grew only to the ex- 
un : : on ' ' , ; 
tent of 3 mg. of dried mycelium, the addition of 1 mg. of aminobutyric 
yric Re ' nm : , ne ; 
ain acid allowed 17 mg. of growth and 5 mg. of the acid gave 33 mg. Higher 
eri- . : ; i ae : ' 
concentrations of aminobutyric acid did not raise the amount of growth 
anc : ‘ 
proportionately, a plateau of growth resulting at about 40 mg. 
Similar results were obtained with uridine. The control growth was 8 
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mg., whereas the inclusion of 5 mg. of aminobutyric acid resulted in 4 
mg. of mycelium. 

It should be noted by comparison with the results for aminobutyric a¢id 
alone, as shown in Table I, that the enhanced growth resulting when , 
pyrimidine was also present was considerably greater than would be ey. 
pected if an additive effect were assumed. In other experiments it was 
demonstrated that threonine had a similar stimulatory effect. Aspartic 
acid, on the other hand, caused no alteration of the growth of mutant 129 
in the presence of 0.5 mg. of uracil. Also the growth of a wild-type straip 
of Neurospora was not enhanced by the presence of aminobutyric acid: 
rather, a slight inhibitory effect was found. 


DISCUSSION 


A possible relationship between amino acid metabolism and pyrimidine 
biosynthesis in N. crassa was suggested by Mitchell and Houlahan (1). 
These workers noted that the biological function of a gene involved jn 
pyrimidine biosynthesis could be taken over by another gene (S) after 
spontaneous mutation. Whereas the original organisms were unable to 
grow without pyrimidines, the organisms resulting from this mutation no 
longer required exogenous pyrimidine. The action of gene S was found to 
be stimulated by histidine and inhibited by arginine. The suggestion was 
therefore made that gene S normally controls a reaction in amino acid 
metabolism which closely resembles a reaction in the biosynthesis of the 
pyrimidine ring. 

The present finding that aminobutyric acid and threonine permit growth 
of Neurospora mutants of a certain genetic type in the absence of pyrimi- 
dines apparently adds considerable support to the suggestion of Mitchell 
and Houlahan. It has certainly not been proved that these compounds 
are directly utilized to form the carbon chain of the pyrimidine ring. The 
actual explanation of the effect of these compounds in permitting growth 
of the mutants may well be much more obscure. However, it would seem 
a likely possibility that they are indeed used for pyrimidine biosynthesis. 
Assuming this possibility, the mechanism by which this occurs becomes of 
prime importance. 

It would appear from the present results that aminobutyric acid and 
threonine as such are not normal intermediates in the sequence of synthetic 
reactions occurring after the genetic block, in that uridine is utilized so 
much more efficiently by the mold. It is possible, however, that the rate 
of entry of the amino acids into the mold mycelium is a limiting factor. A 
more likely possibility is that both of the amino acids can be converted into 
an unknown compound which is the actual pyrimidine precursor. _ It is of 
interest to note in this connection that a 4-carbon acid appears to be in- 
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yolved in the biosynthesis of valine, isoleucine, and threonine and that 
aminobutyric acid can be converted to this unknown compound (7, 8). 
This compound, or a derivative thereof, may also be concerned with pyrim- 
idine synthesis. 

The stimulation of growth of the mold by aminobutyric acid in the pres- 
ence of small amounts of uracil or of uridine is difficult to explain. One 
might expect that at most the effect would be additive; yet considerably 
greater growth was actually observed. One possible explanation might be 
that the organism was deficient not only in its ability to manufacture 
pyrimidines, but also in its capacity to produce optimal amounts of another 
essential compound derivable from aminobutyric acid or from threonine. 
Should this be true, the growth of the mold in the presence of maximal 
amounts of uracil or of uridine would be accompanied by partial conver- 
sion of these compounds to the unknown substance. 

The answers to some of these uncertainties must await the completion 
of experiments with labeled compounds. Such studies have been initiated 
or are being planned. 


SUMMARY 


It has been found that three pyrimidineless mutants of Neurospora crassa 
of a certain genetic type are capable of growth in the absence of pyrimi- 
dines provided that a-amino-n-butyric acid or threonine is present in the 
gowth medium. Aspartic acid, valine, isoleucine, histidine, and serine 
were found to be inactive in this respect. Growth of the mutant in the 
presence of small amounts of pyrimidines was found to be greatly stimu- 
lated by the addition of either aminobutyric acid or threonine. The sig- 
nificance of these results relative to pyrimidine biosynthesis and amino 
acid metabolism is discussed. 
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THE SYNTHESIS OF dl-PROPANEDIOL-1-PHOSPHATE AND 
C4¥-LABELED PROPANEDIOL AND THEIR 
ISOLATION FROM LIVER TISSUE* 


By HARRY RUDNEY 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, November 23, 1953) 


|,2-Propanediol-1-phosphate (PDP),' first described by Lindberg (4), 
has been isolated from a variety of tissues, such as beef brain and sea- 
urchin eggs (4), rat carcinoma (5) and rat liver (6). Since little is known 
with certainty regarding the origin and reactions of this ester, we have 
initiated a study of its metabolic significance. 

The bulk of the PDP is reported by LePage (7) and Sacks (6) to occur in 
the “aleohol-soluble, barium-soluble”’ fraction. In our isolations from liver 
this fraction was found to consist of a mixture of esters by paper chromatog- 
raphy, and we were unable to obtain PDP. A study of the behavior of 
PDP in LePage’s barium alcohol fractionation scheme was undertaken 
with P*-labeled PDP. It was found that 90 per cent of the PDP occurred 
in the ‘“‘alcohol-insoluble, barium-soluble”’ fraction, while the remainder 
was found in the ‘‘aleohol-soluble, barium-soluble” fraction (1). Shortly 
after these results were reported the work of Groth et al. (8) appeared, 
indicating that PDP in Flexner-Jobling carcinoma is found in the alcohol- 
insoluble, barium-soluble fraction, thereby confirming our finding. 

A method is presented for the purification and degradation of PDP which 
is suitable for work with isotopic tracers. The procedure involves barium 
and aleohol fractionation, followed by filter paper chromatography and ion 
exchange purification. The PDP is then hydrolyzed by intestinal phos- 
phatase, and the free propanediol is purified by partition chromatography 
on filter paper and on Celite columns (9). The latter method can be readily 
adapted for the isolation of the glycol from animal tissue. The synthesis 

* This work was supported in part by grants from the American Cancer Society, 
the Elisabeth Severance Prentiss Fund of Western Reserve University, and the Life 
Insurance Medical Research Fund. Part of the work was completed during tenure 
of a predoctoral fellowship from the National Institutes of Health, 1949-51. The 
data in this paper have been taken from a thesis presented to the Graduate School of 
Western Reserve University in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. Preliminary reports of part of this work have appeared (1-3). 
The radiocarbon used in this work was obtained on allocation from the United States 
Atomic Energy Commission. 

‘The following abbreviations are used throughout this paper: 1,2-propanediol-1 
phosphate = PDP; trichloroacetic acid = TCA. 
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of propanediol-1-C" is also described. Isotope dilution studies with Ppp. 
P® were made to determine the amount of PDP in rat liver. The regylis 
of experiments 7m vivo and in vitro on the metabolism of propanediol and 
PDP are described in the following paper (10). 


Methods 


Synthesis of PDP—PDP-P* was synthesized as the barium salt by g 
modification of the procedures of Atherton et al. (11) and Lampson and 
Lardy (12). Phosphoric acid-P® was converted to the dipotassium mono. 
hydrogen phosphate by titration to the phenolphthalein end-point with 
potassium hydroxide. 30 mm of propylene oxide were added to 2 mx of 
K:HPO, in final volume of 5 ml. The mixture was tightly stoppered and 
allowed to stand 2 weeks at room temperature with occasional mixing, 
Later studies indicated that this incubation time could be shortened to 3 
days. After incubation the solution was brought to pH 7.6 with nitric 
acid. The PDP was precipitated as the lead salt with a slight excess of 
saturated basic lead acetate solution. After several hours the lead PDP 
was removed by centrifugation and was washed with water. The lead 
salt had a purity of 70 to 80 per cent at this point. It was suspended in5 
ml. of water and treated with H.S; the lead sulfide was centrifuged and 
washed with 2 ml. of water. The combined supernatant fluid and washing 
were freed of H.S by aeration, the pH was adjusted to 10.2 with barium 
hydroxide solution, and any precipitate was removed by centrifugation. 
4 volumes of 95 per cent alcohol were added, and a] flocculent white pre- 
cipitate of barium PDP was formed, which was centrifuged after standing 
for 4 hours in the cold room. The precipitate was washed successively 
with the following solutions: 100 per cent alcohol, 75 per cent alcohol-25 
per cent ether, 50 per cent alcohol-50 per cent ether, 25 per cent alcohol-75 
per cent ether, 100 per cent ether; it was then dried in vacuo over P20. 
The yield was 50 per cent of theoretical. The calculated P and Ba are 10.6 
and 47.1 per cent; the values determined were 10.4 and 46.7. 

Synthesis of Propanediol-1-C“—Propanediol labeled in the hydroxy- 
methyl group was prepared as follows: 
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The carboxylation of the Grignard reagent was carried out essentially as 
described by Sakami ef al. (13); the a-bromination and hydrolysis of pro- 
pionate to lactate as described by Wood et al. (14) and Lorber et al. (15). 
Preparation of propanediol by the reduction of lactic acid with sodium and 
aleohol gave very poor yields (16); therefore reduction with lithium alumi- 
num hydride was investigated. The difficulty of maintaining strictly an- 
hydrous conditions without use of a derivative of lactic acid was accom- 
plished by means of a liquid-solid extraction technique. 20 mm of lactic 
acid in an 80 per cent aqueous solution were thoroughly mixed with an- 
hydrous magnesium sulfate powder (2 gm. of MgSO, per mm of lactic 
acid). The lactic acid-MgSO, mixture was then firmly packed in an ex- 
traction apparatus over a layer of 10 gm. of pure MgSO, powder. The 
fnal dimensions of the column were 26 X 140 mm. 1.5 moles of fresh 
LiAIH, per mole of lactic acid in absolute ether were placed in a 300 ml. 
extraction flask. Enough ether must be present so that the column be- 
comes saturated with ether and leaves the lower flask half full. The water 
is bound to the MgSO,, and the extracted lactic acid reacts with the 
LiAlHy. The elution of the lactic acid was completed in 7 hours. An 
excess of water was slowly added to the reaction mixture. When the evolu- 
tion of hydrogen gas had ceased, the resulting white suspension was neu- 
tralized (pH 7.0) with 10 N H,SO, and mixed intimately with ether-washed 
Celite No. 535 (Johns-Manville) (2 gm. of Celite per ml. of solution). 
The Celite mixture was extracted with ether for 14 hours in a Sohxlet 
extraction apparatus, and propanediol in the extract was purified by dis- 
tillation under reduced pressure (9 to 13 mm. of Hg). The first fraction, 
b.p. 20-25°, contained mostly water and was discarded. The second frac- 
tion, b.p. 80-84°, contained the propanediol. The purity of this propane- 
diol was established by periodate oxidation (17). The amount of formalde- 
hyde produced was determined by steam distillation and oxidation to 
formate by sodium hypoiodate. Acetaldehyde was determined by titra- 
tion of the bisulfite complex. The periodate taken up and the acetaldehyde 
and formaldehyde formed were equivalent. All the radioactivity was in 
carbon atom 1, obtained as formaldehyde. Paper chromatographic tests 
of purity with synthesized propanediol-1-C™ and an authentic sample indi- 
cated that a single component was present. 

Isolation of PDP from Liver—The isolation was facilitated by PDP-P®. 
It provided carrier and served as a tracer; thus throughout all stages of the 
purification the location of the PDP was readily determined. In addition, 
by an application of the isotope dilution equation, the original amount of 
PDP present in the TCA filtrate could be calculated. The procedure 
evolved is described in the flow sheet (Scheme 1) and directions for 125 gm. 
wet weight of rat liver. 

The livers were frozen in an ether-dry ice mixture immediately after 
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Scheme 1 
TCA filtrate, 1000 ml.; add equal volume of 95% eth- 
anol; let stand overnight; centrifuge 


| 


Ppt. Glycogen* Supernatant. PDP-P*® added as carrier;¢ add 0.25 ml, 25% B 
acetate for each mg. total phosphate present and bring to pH 
8.2 with saturated KOH; add 3000 ml. 95% ethanol and alloy 
to stand 36 hrs. 


Ppt., washed 3 times with 50 ml. Supern: 





t. tant contains 10% of PDP original}, 
H.O; centrifuge and collect present (discarded) ; 
supernatants 





Ppt. discarded Supernatant (combined); add 2 ml. 20% Hg acetatet 
. . . ‘ 
Ppt. contains nucleic acids; Supernatant; H.S added 


discarded 


| 

' ' 

Supernatant. Remove HS; volume decreased 
by vacuum distillation to 35 ml.; add 0.5 gm 
Ca(OH)s and 1 ml. 5% CuS0,; shake thor. 
oughly and allow to stand 2 hrs. with ocea- 
sional shaking§ 





Ppt.; hexose phosphate on Cu Supernatant contains PDP, phosphogly- 
lime; add 10 ml. H.O, stir, and 
centrifuge 








cerol, plus other esters 











Ppt. dis- Supernatant | Combined supernatant. Treat with H.S and 
2 = cuanto . 
carded = centrifuge] 
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Scheme 1—Concluded 

+ If one wishes to increase the yield of glycogen, the liver proteins are again sus- 
ended in 10 per cent TCA and subjected to blending in the Waring blendor for 1 to 2 
minutes. The suspension is centrifuged, and an equal volume of alcohol is added to 
the supernatant solution. 

¢ 100 mg. of Ba salt of propanediol phosphate labeled with P® and having a specific 
tivity of 90 counts per microgram of P were added in this instance. 

{ The mercuric acetate solution was stabilized with 3 drops of 1 M acetic acid per 
10 ml. 

§ Tests indicated that hexose phosphates were completely removed by this pro- 
edure. However, glycerol phosphate was only partially removed (about 20 per 
ent). 

| The recovery of propanediol phosphate from such treatment was 85 to 90 per 
ent. 

¢ The filter paper sheets (Whatman No. 4, 46 X 57 cm.) were washed in 0.1 N 
HCl. 

** The material obtained in the final step was subjected to descending chromatog- 
raphy on large sheets of Whatman No. 4 filter paper according to the method of 
Hanes and Isherwood (18). The solvent system consisted of 60 ml. of dibutyl ether 
+ 30 ml. of 90 per cent formic acid; the upper phase was used. Later in the work, 
the method of Bandurski and Axelrod (19) was applied with methanol, formate, and 
water as the solvent. The location of the PDP band was determined by scanning 
the paper with an end window Geiger-Miiller tube in addition to the methods de- 
scribed in the references cited. 


being removed from animals under ether anesthesia. The frozen livers 
were crushed in a steel mortar and pestle at —10°, and the finely divided 
frozen pieces were treated in a Waring blendor at the same temperature 
for half minute periods until a powder was formed.? The powder was 
placed in 500 ml. of 10 per cent TCA at 5°, allowed to stand 15 minutes 
with occasional stirring, then centrifuged, and the supernatant solution 
removed. The solids were resuspended in 500 ml. of 5 per cent TCA for 15 
minutes and recentrifuged. The combined supernatant solutions are the 
starting material of the flow sheet. Unless otherwise indicated, all steps 
were carried out at 5°. 

The PDP fraction was eluted from the paper with water and subjected 
to further purification on an ion exchange column according to the pro- 
cedure of Cohn and Carter (20). Following this stage, paper chromato- 
graphic tests showed no other phosphate esters present. The specific 
activity of the inorganic phosphate liberated from the PDP at this degree 
of purity was used in calculating the original concentration of PDP pres- 
ent. It was found, however, that the PDP still contained a trace of a con- 
laminating material which was not oxidizable with periodate. This be- 
came evident in experiments in which C-labeled acetone was administered 
asa precursor of PDP (10). The presence of the contaminant was estab- 


* If more than half minute periods were used, heating occurred, which thawed the 
liver, 
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lished by the discrepancy between the total C™ activity of the product anj 
that found by the degradation of the propanediol as obtained from th 
PDP by phosphatase action. In view of this the propanediol from ¢ 
PDP was purified. 

Purification of Free Propanediol—Two chromatographic techniques wer 
used. The first was a paper chromatographic method which was an ¢. 
tension of the procedure of Hough (21), utilizing ether saturated with wate 
as the solvent. This method gave a clean separation of glycerol, ethylene 
glycol, and propanediol when ascending chromatograms were run for § 
hours on large sheets of filter paper. However, large evaporation logge; 
occurred. A second more satisfactory method involved the use of a Celite 
column as described by Neish (9). This method was slightly modified ty 
handle larger amounts of material (1 mm). An important advantage of 
this method was that propanediol could be clearly separated from the 
compounds most likely to interfere in the periodate degradation, namely, 
acetoin, diacetyl, butylene glycol, and glycerol. 

The alkaline intestinal phosphatase preparation of Schmidt and Thanp- 
hauser (22), purified through to the stage of precipitation with 0.9 satu- 
rated ammonium sulfate, was used to hydrolyze the PDP. To the PDP 
in a volume of 7.0 ml., 7.5 ml. of 0.2 m glycine buffer, pH 9.3, and 0.6 ml, 
of 15 per cent MgCl» were added, and the total volume was brought to 0 
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ml. 10 mg. of the dried enzyme preparation were added, and the mixture 
was incubated for 2 hours at 37°. An additional 10 mg. of enzyme were 
added and the incubation was continued. This was repeated at the end of 
the 4th hour. The total incubation time was 6 hours. 95 to 100 per cent 
hydrolysis of PDP was obtained. The mixture was made acid with sulfurie 
acid to dissolve the magnesium phosphate formed, and a small aliquot was 
analyzed for inorganic phosphate. The solution was neutralized and evap- 
orated to 7 to 8 ml., intimately mixed with 14 to 16 gm. of ether-washed 
Celite 535, and extracted with ether in a Sohxlet apparatus for 12 hours. 
3 ml. of water were added to the ether extract, and the solution of propane- 
diol was reduced either to 0.4 ml. when separation was on filter paper or to 
2.0 ml. for the Celite column. The 2.0 ml. were mixed thoroughly with 2 
gm. of acid-washed Celite and packed on top of a column (38 mm. diame- 
ter) of 30 gm. of acid-washed Celite plus 25 ml. of water. Elution was 
obtained with ethyl acetate, followed by benzene and butanol 75:25, as 
described by Neish (9). The location of the propanediol was determined 
by periodate analysis of an aqueous extract of suitable aliquots of the 
fractions. The propanediol was extracted from the solvent with 2 volumes 
of water and degraded by sodium metaperiodate to acetaldehyde and 
formaldehyde. The periodate consumed and the amounts of formaldehyde 
and acetaldehyde produced were equivalent, indicating that the propane- 
diol was pure. After removal of excess periodate with arsenite, acetalde- 
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H. RUDNEY 
hyde was boiled and aerated from the reaction mixture through a reflux 
sondenser into a bisulfite trap and determined by titration with iodine. 
The reaction mixture was steam-distilled, and formaldehyde was oxidized 
to formie acid by sodium hypoiodite (23). The amount of formaldehyde 
vas calculated from the iodine consumed as determined by titration with 
thiosulfate. Formic acid was degraded to CO2 by mercuric oxide oxidation 
94). Acetaldehyde was converted to iodoform and formic acid, and each 
{these in turn was oxidized to COz» (25), followed by conversion to barium 
arbonate. The barium carbonate was plated as disks of finite thickness 
and counted with an end window Geiger-Miiller counter to an accuracy of 
+3 per cent. In some instances the carbon dioxide was counted directly 
by the procedure of Van Slyke et al. (26). 
“P® activity was determined in a Geiger-Miiller tube specially designed for 
the counting of liquid samples by Lavik et al. (27). The phosphate ester 
TaBLe I 
Levels of PDP Present in Rat Liver 

Specific activity 

i PDP* 


. =a 4 »T)P._ ps2 ot eo > 7 
Amount of Total acid- PDP-I PDP in Per cent of 


Eseriment No. | “iver | "soluble P | padded 2, | pe | peemale 
Initial Final 
gm. mg. mg. mg. 
1 126 105 40.5 105 89.0 7.27 1.37 
2 67 78.4 53.9 31 27.5 6.84 1.73 
3 280 274 26.7 187 89.0 29.4 2.13 





* Specific activity in counts per minute per microgram of phosphorus. 


was oxidized with sulfuric acid and hydrogen peroxide to inorganic phos- 
phate and the latter determined by the Gomori method (28). The specific 
activity of the hydrolysate was determined with an accuracy of +3 per 
ent. C™ did not interfere in these determinations. 


Results 

Level of PDP in Rat Liver—The specific activity of the PDP was deter- 
mined after elution from paper. The PDP was then subjected to ion 
exchange chromatography and the specific activity was redetermined; no 
hange was noted. A filter paper chromatogram revealed only one phos- 
phate ester spot which corresponded to the radioactivity. It is therefore 
assumed that no other phosphate ester was present. Table I shows the 
amounts of PDP present in rat liver as calculated from the isotope dilution. 
The range of values found for the per cent of acid-soluble phosphorus ap- 
pearing as PDP corresponds to those reported by other workers (6), al- 
though there may be some question whether PDP was actually being 
determined in the latter case. 
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SUMMARY 


Methods are presented for the synthesis of propanediol-1-C™ and pro. 
panediol phosphate-P®. The isolation of these compounds from rat liver 
and their degradation are described. Contrary to previous reports, the 
propanediol phosphate has been found to occur chiefly in the alcohol. 
insoluble barium-soluble fraction. The level of propanediol phosphate 
present in rat liver has been determined by isotope dilution and found to 
range from 1 to 2 per cent of the total acid-soluble phosphorus in liver, 
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PROPANEDIOL PHOSPHATE AS A POSSIBLE INTERMEDIATE 
IN THE METABOLISM OF ACETONE* 


By HARRY RUDNEY 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, November 23, 1953) 


Acetone and propanediol have been found to undergo analogous reactions 
in animal and plant tissues (5) in that both compounds can be split to C, 
and C2 units (6, 7) and converted to a C; intermediate of the glycolytic 
yele (8, 9). The possibility was therefore considered that propanediol or 
PDP! might be one of the intermediates in the breakdown of acetone ac- 
erding to the following series of hypothetical over-all reactions. 


O OH 
(H—C—CH, = CH,—c=cn, —HOHor_, 
OH OH (3), . 
| | —— formate’’ and “acetate”’ 
CHs—C—C—H | (4) 
H H ——— C; intermediate of glycolytic cycle 
propanediol 
or PDP 


This postulate was tested by feeding propanediol-1-C" to rats. It was 
iound that the 6-carbon of serine and the methyl carbon of choline were 
labeled, indicating that the hydroxymethyl] carbon of propanediol was con- 
verted to a l-carbon unit which entered the formate pool (1). The dis- 
tbution of isotope in liver glycogen also indicated the possibility that 
propanediol was being converted directly to a 3-carbon precursor of the 
glycolytic cycle.? 


*This work was supported in part by grants from the Life Insurance Medical 
Research Fund, the Elisabeth Severance Prentiss Fund of Western Reserve Uni- 
versity, and the American Cancer Society. Part of the work was completed during 
the tenure of a predoctoral fellowship from the National Institutes of Health, 1949- 
il. A portion of the data in this paper has been taken from a thesis presented to the 
Graduate School of Western Reserve University in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy. Preliminary reports of part of this 
work have appeared (1-5). The radiocarbon used in this work was obtained on allo- 
tation from the United States Atomic Energy Commission. 

' The following abbreviations are used in this paper: 1,2-propanediol-1-phosphate 
= PDP; trichloroacetic acid = TCA; adenosine triphosphate = ATP. 

* When these results were reported, specific activity determinations of the respira- 
tory CO2 were not included. It is pertinent to mention here that the specific activity 
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The present paper deals with the conversion of acetone to propanedig| 
phosphate. This was tested by administering carbonyl-labeled acetone t) 
rats and isolating PDP. It was found that PDP was labeled solely in 
carbon 2, indicating that acetone could be converted to PDP. These 
experiments and additional findings on the metabolism of PDP and pro- 
panediol in relation to the conversion of acetone in vitro to a 3-carbon unit 
of the glycolytic cycle are presented. 


Methods 


Methods for the isolation and the synthesis of PDP and propanediol ar 
presented in the preceding paper (11). 

Experiments in Vivo—Labeled acetone (0.3 M) was administered subey. 
taneously to a group of rats. After the specified time the animals wer 
sacrificed under ether anesthesia, and the livers were treated as described 
previously (11). The glycogen obtained from the 50 per cent alcohol pre. 
cipitation of the TCA filtrate was purified by precipitation from LiC] solu. 
tion (12) and degraded by the method of Wood et al. (10). 

Experiments in Vitro—The liver was minced with four razor blades 
mounted 6 mm. apart, until a consistent paste was obtained. This usually 
required 1 minute. The pooled pastes were suspended in Krebs’ Linger. 
phosphate medium, 20 ml. per 10 gm. of paste. 20 ml. of suspension were 
placed in large Warburg flasks of 125 ml. capacity. Labeled substrates 
were then added, and the suspension was incubated for 2 hours at 38° with 
100 per cent Oz unless otherwise indicated. Respiratory carbon dioxide 
was collected in alkali-soaked papers placed in the center well. 3 ml. of 12 
N sulfuric acid were added from a side arm to stop the reaction and release 
bound carbon dioxide from the medium. The carbon dioxide was released 
from the papers with acid and was counted as barium carbonate. When 
PDP and glycogen were to be isolated from pooled liver suspension, 5 ml. 
of 40 per cent TCA were placed in the side arm and the TCA filtrate was 
handled as described previously (11). After the proteins had been pre- 
cipitated, the carriers were added. The suspension was centrifuged, and 
the supernatant fluid was taken up in ether-washed Celite (Johns-Manville, 
No. 535) (2 gm. per ml.) and extracted with ether 12 hours. The ether 
extract was steam-distilled to obtain formic and other volatile acids. The 
formate was oxidized to carbon dioxide by the specific mercuric oxide 





of the 3,4-carbons of glycogen (445 ¢.p.m. per mg. of C) was 82 per cent of the highest 
specific activity of the respiratory CO, (545 ¢.p.m. per mg. of C) determined hourly 
throughout the experiment. Generally, when CO, is administered to a fasted rat 
the specific activity of the 3,4-carbons of glycogen is about 16 per cent that of the 
respiratory CO: (10). It seems likely that the high activity in the 3,4-carbons was 
not due to CO, fixation, but arose from the hydroxymethyl] carbon of propanediol 
itself. 
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method (13). Lactic acid was isolated from the non-volatile fraction by 
chromatography on Celite with butanol and chloroform as solvents (14), 
followed by the ion exchange separation of Busch e¢ al. (15). 

When propanediol was isolated, the sulfuric acid filtrate was neutralized 
and treated with 0.5 ml. of 10 per cent metaphosphoric acid, to insure com- 
plete freedom from the presence of proteins which interfere in the subse- 
quent ion exchanger manipulations. The acid filtrate was passed succes- 
sively through a column of a cation exchanger (IR-120, H+ form) and an 
anion exchanger (IRA-400, OH- form). This treatment removed all the 
cations and anions, leaving a filtrate containing neutral compounds and 
propanediol. Later it was found that the ether extract of the sulfuric acid 
filtrate was free of protein and contained all the propanediol. The de- 
ionized extract was concentrated in vacuo to 2.0 ml., placed on a Celite 
column, and purified and degraded as described previously (11). Dowex 50 
and Dowex 1 served equally well as deionizing agents. The anion fraction 
which was held on the IRA-400 or Dowex 1 column was obtained by pass- 
ing NaOH through the column and was steam-distilled. Formate in the 
distillate was degraded to carbon dioxide and the lactate in the residue was 
purified by chromatography as described above and degraded (10). 

The carbon dioxide from the various degradations was plated as disks of 
barium carbonate of finite thickness, or was counted directly in a gas 
counter by the procedure of Van Slyke et al. (16). 

Carbonyl and methyl C'-labeled acetone were synthesized as described 
by Sakami (6) from carboxyl- and methyl-labeled acetic acid. Cholesterol 
was isolated as the digitonide (17). Propanediol-1-C“ was prepared by 
the reduction of CH; CHOH—C“OOH (11). C“H;CHOHCOOH was ob- 
tained as a gift from Dr. H. Saz. 


Results 


Experiments with Labeled Acetone in Vivo—Thirty fed albino rats of mixed 
sx, weighing 200 to 250 gm., were injected subcutaneously with 1 ml. of 
03 mM acetone per 100 gm. of body weight. The acetone-2-C™ possessed a 
specific activity of 4 K 10° ¢.p.m. per mm. After 12 hours the animals 
were sacrificed, and the livers were treated as outlined under “Methods.” 
liver glycogen was isolated and degraded. PDP was isolated after the 
addition of PDP-P® to the TCA fraction. It was subjected to enzymatic 
hydrolysis, carrier propanediol was added, and the propanediol was puri- 
fed by paper chromatography as described in the preceding paper (11). 
The band containing the propanediol was cut lengthwise into two strips, 
each was eluted, and the propanediol from each strip was degraded. As is 
sen in Table I, the activity of the propanediol from the strips was similar, 
making it more certain that the compound was pure. In addition, in the 
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periodate degradation, formaldehyde and acetaldehyde agreed within the 
experimental error. It is noted that the PDP is labeled solely in carbon? 
in agreement with the idea that the acetone carbon chain has been ¢op. 
verted to PDP. The pattern of labeling found in the carbons of glucoy 
from the glycogen is similar to that found by Sakami and Lafaye whey 
carbonyl-labeled acetone (8) or a-labeled lactate or pyruvate (18) was ad. 
ministered to fasted rats; namely, isotope was distributed throughout alj 
the carbons of glucose with a higher concentration of isotope in the 2.5. 
carbons than in the 1,6-carbons. The fact that the 1 and 3 carbons of 
PDP are unlabeled indicates that PDP is not being formed to any great 
extent from any of the intermediates of the glycolytic cycle. Thus if 
acetone is converted to glycogen via PDP, the randomization occurs subse. 
quent to the formation of PDP. 


TABLE I 


Distribution of Isotope in PDP and Glucose after Administration of Acetone-9-(\ 
p 


Propanediol phosphate Glucose 
Strip No. 
Carbon 1 Carbon 2 Carbon 3 Carbons 3,4 Carbons 2,5 Carbons 1,6 
1 0 6400 0 1475 1485 1175 
2 0 6650 0 


Specific activity is expressed as counts per minute per millimole of carbon. 


Experiments with Labeled Acetone in Vitro—In considering the results ob- 
tained with carbonyl-labeled acetone, the possibility arose that PDP might 
have become labeled solely in carbon 2 by virtue of a condensation of a C, 
unit with a C; unit. More conclusive evidence on this point could be de- 
rived from the use of methyl-labeled acetone. If the PDP obtained from 
such an experiment had equal labeling in carbons 1 and 3 and none in 
carbon 2, the possibility that PDP was formed by C. + C, condensation 
would be unlikely, since equality could occur only if the dilution of the 
C. and C, units were the same. 

C'-methyl-labeled acetone was incubated with a liver mince, and at the 
end of the incubation period any remaining isotopic acetone was diluted by 
the addition of non-isotopic acetone. PDP-P® was added as a tracer and 
carrier and isolated as described in the preceding paper. The concentra- 
tion of PDP in the incubated liver mince was so low that there was no 
significant dilution of the PDP-P®, and thus the actual original C™ specific 
activity of PDP could not be calculated. However, the isolated product 
did contain C™, and it was possible to degrade it and measure the C™ 
activity on a gas counter. The results appear in Table II, Experiment I. 
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although no radioactivity was observed in the center carbon, an activity of 
10 per cent of that found in carbons 1 and 3 would not have been detected. 
The actual specific activity of the carbons of the original PDP could have 


TaB_e II 
Distribution of Isotope from C%-Methyl-Labeled Acetone into Various Metabolites 














-_ | Respira- : Propanediol PDP Lactic acid 
— — Formate =. “ eS Ae rane oo ee ter 
No. CO: — 7 . ta " a. 2 . a 
, Cs C2 Ce 1 Gy lee) Cel ee | Ce C1 
1 | 24,090 | 5230 0* 139f| 0* 1214 42, 000 3880 42,600 
(2.3) | (0.2) | | (0.27) 
2 | 18,600 | 2880 | 288t 345t 9,700 1860 | 9,700 
(1.85 | (0.26) (0.033) a (0.33) 


| 








The figures in parentheses represent per cent of total counts added as substrate; 
the other values are in counts per minute per millimole of carbon. 

Experiment 1—Rat liver was minced and suspended in Krebs’ Ringer-phosphate 
and incubated as described under ‘‘Methods.’’ 30 um of acetone, specific activity 
1.06 X 107 c.p.m. per mm of methyl carbon, were added to each flask containing 20 
ml. of liver suspension. The deproteinized filtrates were pooled until a total of 140 
gm. of liver had been processed and glycogen and PDP were isolated. Formate, 
lactate, and carbon dioxide were isolated from a portion of the liver suspension (30 
gm. of liver) which was incubated in the presence of a pool of formate (0.1 mm per 
flask). After incubation 1 mm of formate was added as carrier. For further details 
see “Methods.’’ : 

Experiment 2—40 gm. of rat liver were minced and suspended in Krebs’ Ringer- 
phosphate solution. The acetone concentration and specific activity were the same 
asfor Experiment 1. Deproteinization was performed with sulfuric and then meta- 
phosphoric acid, 1 mm of formate, and 1.32 mm of propanediol were added as carrier, 
and the filtrate was passed successively through a column of 180 gm. of IR-120 in the 
H* form and 400 gm. of IRA-400 in the OH- form. Propanediol was isolated from 
the deionized filtrate, while lactate and formate were isolated from the anion frac- 
tion. 

*0 indicates that a trace of radioactivity was detected, but it was not considered 
significant; 7.e., 1 to 2 c.p.m. above background. 

t These figures are values obtained with the gas counter and do not take into 
consideration the dilution factors. A discussion of the dilution factors involved in 
the individual cases is given in the text. 


been at least 300 times higher when all the dilution factors based on the 
amounts of carrier PDP and propanediol added are considered. Labeling 
in the 3 position is somewhat higher than in the 1 position, but, because of 
the low activity, the significance is questionable. The important point is 
that the pattern of labeling duplicates within experimental error that of the 
methyl-labeled acetone. 

It seemed probable that the decrease in the level of PDP during the 
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mincing and incubation might have occurred because of phosphatase action, 
and, if this were the case, the free propanediol from such a hydrolytic 
action would reflect the labeling of PDP. 

Free propanediol (1.32 mm) was added to the liver mince as carrier after 
acetone incubation, isolated (11), and found to be labeled (Experiment 2 
Table II). Degradation showed that the tracer appeared only in carbons 
1 and 3. In this case labeling in position 1 was somewhat higher than iy 
position 3, but the difference probably is not significant. The distribution 
of the isotope in the PDP and free propanediol is in agreement with thei 
having arisen from acetone either directly or via some closely related deriva. 
tive. This experiment indicates the occurrence of free propanediol jn ap 
animal tissue preparation. The glycogen isolated from Experiment 1 was 
unlabeled, but the lactic acid contained the highest isotope concentration 
in the carboxyl and $-carbons, thereby offering a more direct demonstra. 
tion and confirmation of Sakami’s finding that acetone is converted to g 
precursor of the glycolytic cycle. 

Since it was not possible in either experiment to determine the specific 
activity of the PDP or propanediol, direct information on the possibility of 
its being a precursor of the lactate was not obtained. A rough approxima- 
tion of the original specific activity of the propanediol was attempted by 
determining the free propanediol in tissue treated similarly to that in the 
experiment. 0.568 mm of propanediol-1-C™ was added as carrier to 40 gm. 
of liver mince incubated under similar conditions so that the endogenous 
PDP might be hydrolyzed. The propanediol was then isolated. The ratio 
of specific activities in carbon 1 was 1.189, and hence the amount of free 
propanediol present in the liver suspension after incubation was 0.107 mx. 
In Experiment 2 the dilution factor becomes (1.32 + 0.107) 0.107 = 133 
and the corresponding counts in carbons 1 and 3 would be 3840 and 460 
c.p.m. per mM of C. The calculated values for propanediol are somewhat 
less than half those for lactate. These values are approximations and it is 
not considered that they are evidence negating the réle of propanediol or 
PDP as an intermediate in the conversion of acetone to lactate. To obtain 
direct evidence on the intermediate réle of these compounds, time and 
specific activity curves would be necessary. 

At present the technical problem of determining the specific activity of 
PDP and propanediol makes this very difficult to accomplish. — It is clear 
that acetone does yield propanediol and PDP, and it is shown in Table II] 
that propanediol yields lactate. Thus, although the intermediate réle of 
propanediol and PDP in the reaction acetone — lactate is not established, 
it remains a good possibility. 

The possibility remained that the propanediol and PDP phosphate can 
acquire the label by reduction of lactic acid. 43 um of lactate-3-C™ with 
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91 X 10° c.p.m. per mm were added to 25 gm. of liver mince. After incu- 
bation for 2 hours at 38° under Os, the mince was deproteinized, propane- 
diol (1.62 mm) was added as carrier, and the propanediol and lactic acid 


TABLE III 


corporation of Isotope from 1,2-Propanediol-1-C™ into Various Metabolites 
n L J J ’ 


Substances isolated 





Ex- Formate Lactate 
- Substrate — ] 
men \Chole 
No. | C.p.m. |Per cent a, B, \Per cent | 
per | incor- | COOH, c.p.m. |c.p.m. \c.p.m. | incor- — 
mM X | pora- per mM per | per | pora- 
108* tiont mat mat tiont 
1 | Propanediol-1-C" 2.28 | 0.43 | 1.15 K 105| 0 0 | 0.44 O§ 
‘ } 
9 | Propanediol-1-C"™ | O§ 
| Methyl] C'4-acetone | §25]| 
3 | Propanediol-1-C™ (heated | 0.04 | 
slices) 


Experiment 1—5 gm. of rat liver slices were pooled, and 2.5 gm. were placed in 
each of two flasks. Each flask contained 0.120 mm of propanediol-1-C™ with a 
specific activity of 1.1 X 10° c.p.m. per mm in 15 ml. of Krebs’ Ringer-bicarbonate 
medium gassed with 95 per cent O2 and 5 per cent COz. Incubation time, 3 hours at 
38°. The slices were centrifuged, and cholesterol was isolated as the digitonide. 
The medium was acidified with H.SO,, reduced in volume, taken up in the Celite 
2gm. per ml.), and extracted with ether overnight. Formate and lactate were re 
covered from the ether extract as outlined under ‘‘Methods.”’ 

Experiment 2—10 gm. of slices were pooled, and 2.5 gm. were put in each of four 
flasks. Two flasks contained 120 um of propanediol-1-C™ with 1.1 X 106 ¢.p.m. per 
mu; two contained 30 um of acetone, specific activity 5.96 X 10° ¢.p.m. per mm of 
methyl carbon. 

Experiment 3—Same conditions as in Experiment 1, except that the slices were 
held at 80° for 10 minutes. 

* Carrier added. 

t Per cent incorporation = (total counts recovered in compound isolated) /(total 
counts added as substrate) X 100. 

t Calculated by difference between specific activities of total carbon and COOH 
carbon. 

§1 count above background; this is not considered significant. 
| Counts per minute from 12.3 mg. of cholesterol digitonide. 


were isolated and degraded. No radioactivity could be detected in any of 
the carbons of propanediol, while lactic acid had the following activity, 
expressed as counts per minute per millimole of carbon: carboxyl carbon 
120, a-carbon 1790, B-carbon 57,500. These results show that under the 
present conditions propanediol does not arise from lactic acid. They 
support the conclusion reached from the experiment in vivo that PDP does 


wetted 
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not arise to any major extent from a 3-carbon intermediate of the glyco. 
lytic cycle. 

Metabolism of Propanediol—The results in Tables I and II show that ace. 
tone is converted to both propanediol and PDP and to lactate and glycogen, 
It has previously been established that propanediol is converted to glycogen 
in vo. ‘To obtain further data on the possible réle of propanediol in the 
postulated conversions, some studies with propanediol-1-C™ were under. 
taken with rat liver slices in vitro. As shown in Table III, propanediol- 
1-C'* was converted to lactate labeled solely in the carboxyl group. For. 
mate was also labeled. The foregoing experiments, therefore, present 
evidence for Reactions 3 and 4; namely, that propanediol can be split to 
a 1-carbon unit and in addition can be converted to a 3-carbon precursor 
of the glycolytic cycle. 

Since propanediol-1-C™ gave rise to lactic acid labeled solely in the car. 
boxyl group, it seems unlikely that propanediol was dehydrated to acetone. 
If such a reaction occurred, incorporation of isotope in the a and 8 positions 
of lactic acid would be expected, in addition to the labeling of the carboxyl 
group. This suggests that Reaction 2 does not simply involve the addition 
of water or phosphoric acid to acetone as written, but that it is more com- 
plex and irreversible. This might be the case if some endergonic inter- 
mediate reaction were involved. 

Price and Rittenberg (19) have considered the possibility that, in addi- 
tion to acetate, a 3-carbon oxidation product of acetone is involved in the 
conversion of acetone to cholesterol. It was of interest, therefore, to 
determine whether propanediol could be converted to cholesterol. Under 
conditions in which acetone is readily converted to cholesterol, propanediol 
was not incorporated to any extent (Experiment 2, Table III). 


DISCUSSION 


The experimental results demonstrate that acetone is converted to PDP 
and propanediol and that the isotope distribution is in conformity with that 
expected via Reactions 2, 3, and 4. It was not possible, however, in the 
present work to obtain specific activity data to establish the actual pre- 
cursor sequence. 

The results could also be interpreted in another manner; namely, that 
another compound, X, might be the direct intermediate and that PDP and 
propanediol appear to be an intermediate by virtue of being formed from 
X as outlined in the accompanying scheme. According to this concept, 


O PDP 
| It goes C; unit — lactic acid 


CH;—C—CH,; > X 


— C2 unit + formate 
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PDP would be on a side path in the series of reactions whereby acetone is 
eatabolized. The present results do not provide information on this pos- 
sibility. X could be acetol phosphate. Miller et al. (20) have recently 
shown that PDP can be oxidized via glycerol phosphate dehydrogenase and 
diphosphopyridine nucleotide to a compound which is presumably acetol 
phosphate. Levine and Krampitz have suggested that acetol is an interme- 
diate in the oxidation of acetone by a diphtheroid organism (21). Acetol 
is readily reduced by yeast to propanediol (22). Although propanediol is 
glycogenic when administered to fasted rats (9), acetol, under similar con- 
ditions, has little or no effect on the level of liver glycogen (23). Acetol, 
however, does disappear rapidly from the blood when injected (24). If 
acetol or its phosphate ester were a primary intermediate in acetone 
catabolism, one would expect some of it to be converted to glycogen. It is 
possible that, under the conditions of these experiments, acetol is rapidly 
split to formate and “acetate,” thereby leading to no net increase in gly- 
cogen. At the present stage of the work, it is not possible to decide whether 
acetol or propanediol, or one of their phosphate esters, is the first inter- 
mediate in the catabolism of acetone. 

Another point requiring clarification is the relationship between PDP 
and free propanediol. Throughout this paper the two compounds have 
been considered equivalent, but this may not be the case. For example, 
free propanediol may yield “‘acetate”’ and formate and the phosphorylated 
derivative may yield the glycolytic precursors. 

A major question only partly answered by the present work deals with 
the significance of the presence of PDP in animal tissues. How does it 
originate and what is its metabolism other than that indicated in the pres- 
ent work? It has been shown (25) that PDP is rapidly metabolized in vivo 
and apparently the phosphate group enters the ATP fraction prior to trans- 
fer to hexose phosphate esters; in addition some evidence has also been 
presented that the ester may play a réle in pentose metabolism. Neuberg 
(26) has shown that, in addition to acetol, methylglyoxal and lactic alde 
hyde can be reduced to propanediol by yeast, while glyceraldehyde and 
dihydroxyacetone, on the other hand, were not. The studies of Price (27) 
suggest a relationship, since methylglyoxal reduced the incorporaticn of C™ 
from acetone into cholesterol, whereas pyruvate was without effect. 

Groth et al. claim that pyruvate can be reduced to PDP in fluoride- 
treated tumor tissue extract (28). PDP as such was not isolated and puri- 
fed from the extracts, and the possibility of a contaminant has not been 
tuled out. Under the conditions adopted in these experiments with liver 
mince and in the experiments in vivo, this conversion does not appear to 
oecur to any great extent; at least lactate was not converted to propanediol. 
This does not rule out the possibility that under conditions of fluoride 
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poisoning the pathways might not shunt towards the reduction of pyruvate 
as proposed by Groth et al. 


The author is deeply grateful to Dr. Warwick Sakami and Dr. H, 6, 
Wood for their advice and generous help. He is also indebted to Mr 
Eskin Huff for his assistance with the synthesis of C'-methyl-labeled 
acetone and for the isolation and degradation of one of the lactic acid 
samples. 


SUMMARY 

1. C-carbonyl-labeled acetone was administered to rats in vivo and 
methyl-labeled acetone was added in vitro to preparations of rat liver mince, 
and the distribution of isotope in formate, lactate, propanediol, and pro- 
panediol phosphate was determined. 

2. Propanediol-1-C'* was added to a liver slice preparation. It was 
found that propanediol is split to give a 1-carbon unit entering the formate 
pool and that it also is converted to lactic acid. No incorporation of 
isotope into cholesterol was detected. 

3. Under the conditions adopted in these experiments, there is no con- 
version of lactic acid to propanediol. 

4. The possible réle of propanediol and propanediol phosphate as inter- 
mediates in the catabolism of acetone to acetate and formate and the con- 
version of acetone to a 3-carbon unit entering the glycolytic cycle are con- 
sidered. 
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THE INFLUENCE OF FOLIC ACID AND VITAMIN By ON 
NUCLEIC ACID METABOLISM IN MICROORGANISMS 
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(From the Department of Chemical Technology, University of Bombay, 
Bombay, India) 


(Received for publication, February 9, 1954) 


A combination of purines and thymine has long been known to substi- 
tute for folic acid (FA) in the nutrition of microorganisms requiring the 
vitamin. The purines were found to be interchangeable, but the effect of 
thymine was specific and could only be duplicated by its desoxyriboside, 
thymidine (1-4). From these and other studies on inhibition analysis 
(5, 6), it was concluded that the purines and thymine are metabolic end- 
products of reactions mediated by FA. 

Prusoff et al. (7) compared the nucleic acid make-up of Lactobacillus 
casei cells grown with optimal and suboptimal concentrations of FA and 
observed that the desoxypentose nucleic acid (DNA) content was depressed 
markedly in the deficient cells, whereas the level of pentose nucleic acid 
(PNA) was unaltered. 

Growth studies with microorganisms requiring vitamin B,2 showed that 
the vitamin could be replaced by purines and thymidine. The desoxyribo- 
sides and desoxyribotides of purines and of cytosine could also support 
partial growth (8-11). Mediation of vitamin Br: in nucleic acid synthesis 
was further shown by Roberts et al. (12). 

These and other functional relationships between FA and vitamin Bi» 
suggested an investigation of their effects on nucleic acid metabolism and 
are contained in part in a preliminary communication (13). The organisms 
chosen were L. casei 7469, and Streptococcus faecalis R 8043 requiring FA, 
Lactobacillus leichmannii 313 requiring vitamin Bis, as well as, reportedly 
(14), FA, and Lactobacillus arabinosus 8014 and Escherichia coli McLeod, 
neither of which requires either vitamin for normal growth. 


EXPERIMENTAL 


L. casei, L. arabinosus, and S. faecalis R were carried on dextrose-yeast 
extract-proteolyzed liver-agar stabs, L. leichmannii on this medium supple- 
mented with peptone and tomato juice, and E. coli on peptone agar slants. 

The following basal media were used: for L. casei and S. faecalis R, the 
medium of Teply and Elvehjem (15) with the omission of peptone, p- 
aminobenzoic acid, and alanine; for L. arabinosus, a modification of Wright 
and Skeggs’ medium (16); for L. leichmannii the medium recommended by 
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the United States Pharmacopeia (17); and for E. coli a synthetic salts 
dextrose medium of Green and Sevag (18). 

The organisms were grown in 500 ml. Erlenmeyer flasks, each containing 
200 ml. of medium with additions as indicated in the text. The flasks and 
contents were sterilized by autoclaving at 15 pounds steam pressure for 15 
minutes and cooled. Each flask was seeded with 1 ml. of an 18 to 24 hou 
inoculum grown on the basal medium supplemented with just the optimal 
amount of the required vitamin missing from the medium (for L. casei 
and S, faecalis 1 mugm. and 8 mygm. of FA, and for L. leichmannii 1 my- 
gm. of vitamin By. per 10 ml. of medium). In the case of L. arabinosus 
and E£. coli there were no additions to the basal media in preparing inocula, 
The incubation temperature was 37°, except for FE. coli, for which the opti- 
mum is 30°. 

After incubation for 24 hours the cells were harvested by centrifugation, 
washed twice with ice-cold distilled water, suspended in water, and made 
to a definite volume. Aliquots of these cell suspensions were taken for de- 
terminations of nucleic acids, nitrogen content, and dry weight. 

The procedure for the determination of nucleic acids was essentially that 
adopted by Prusoff et al. (7) from Schneider (19). The hot trichloroacetic 
acid extract was analyzed for PNA by the orcinol method (20) and for DNA 
by the diphenylamine color reaction of Dische (21). In the orcinol method 
the concentration of ferric chloride was reduced from 0.1 to 0.02 per cent, 
as the higher concentration was found to mask the green color of the reac- 
tion. The color densities were measured in a Klett-Summerson photoelee- 
tric colorimeter at 660 my in both cases. For comparison ribose nucleic 
acid (Nutritional Biochemicals Corporation) and DNA (Schwarz) were 
used as standards. 

In aliquots of cell suspensions, total cell nitrogen was determined by acid 
digestion, followed by direct nesslerization (22). 

Separate sets were kept in tubes with the corresponding supplements, 
and the 72 hour acid production was determined by titration against 0.1 x 
sodium hydroxide solution with bromothymol blue as indicator. 


Results 


Nucleic Acid Synthesis in L. casei—The organism was grown in the basal 
medium supplemented with varying amounts of FA or vitamin By. The 
results (Table I) indicate that in FA deficiency there is a selective depres- 
sion in DNA content of cells which could be made good by either FA or 
vitamin By, although the latter could not replace FA as a growth factor 
in other respects. The effect of vitamin B,. was apparent even in the pres- 
ence of FA. Thus, the two together enhanced DNA synthesis. PNA 
synthesis was apparently not influenced by either vitamin. 
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Its The influence of F A in controlling DNA synthesis could have been 
through its mediation in thymine biosynthesis, purines being present in 
ing the basal medium. As thymine is known to replace FA in growth promo- 
tion, its effect on nucleic acid synthesis, alone and in combination with vita- 
and : . ~ ‘ Sig! 
5 min Bis, was studied (Table IT). : Inclusion of thymine increased the levels 
- of DNA and, unlike FA, of PNA, as well, to a marked extent. While 
a thymine did not exert any influence on nucleic acid synthesis in the pres- 
sel TABLE I 
my Effects of Folic Acid and Vitamin By. on Nucleic Acid Synthesis in L. casei 
re Supplement to 100 ml. basal medium | Cell snaze | Nitrogen | PNA DNA jo oo 
pti- : Pith 7 gm. perl. = cont | per ons | ger cent Zz af. 
FA 5 mygm.............. sientoere aie 0.24 | 9.23 9.54 | 1.68 2.5 
ion, SS 20 2 1c weaidialn aie ais anaes | 0.44 9.05 | 9.62 2.80 | 12.1 
ade Vitamin By. 5 mugm... te 0.25 9.46 | 9.48 ee ae 
de. ” ** 200 myugm. ee 0.27 9.19 10.06 2.88 3.7 
FA + vitamin By 5 mugm. each..... 0.29 | 9.83 9.63 2.45 | 2.4 
oo4 ss ‘¢ 20 mugm. each.....| 0.40 9.57 | 10.37 | 2.55 9.1 
hat a s ‘¢ 200 mugm. each....| 0.61 | 9.69 | 9.82 3.63 12.4 
etic en —— Se See . a a 
NA TABLE II 
hod Effects of Thymine and Vitamin By. on Nucleic Acid Synthesis in L. casei 
os Supplement per 100 ml. | Cell mass Nitrogen PNA DNA 
lec- 7 pay owt on cent i per cent i per cent 
leic FA 5 mygm. - 0.24 | 9.68 9.25 1.79 
rere “ 200 mygm.... eee 0.52 | 9.12 | 9.39 | 2.63 
Thymine 500 + 0.33 10.32 11.72 | 2.75 
cid Vitamin By: 200 mugm. woos Cae 9.28 | 9.90 | 2.51 
Thymine 500 y + FA 200 mugm......| 0.55 10.68 11.86 2.90 
500 ‘‘ + vitamin By: 200 
nts, mygm. 0.38 10.52 11.99 3.46 
1N — ~ _ _ 
ence of FA, an effect in the presence of vitamin B,. was observable with 
respect to DNA. Thymine addition also caused an over-all increase in 
cell nitrogen. 
sal In a medium devoid of any purine or pyrimidine additions, the effect of 
“1 FA and vitamin Bis was seen with respect to both PNA and DNA synthesis 
res | (Table ITI). 
ad In a concentration of 500 mugm. per 100 ml., 1 ,2-dichloro-4 ,5-diamino- 
a benzene dihydrochloride,’ which has been reported to antagonize vitamin 
NA ‘Obtained from Dr. D. W. Woolley of The Rockefeller Institute for Medical Re 
search, New York, to whom we are deeply indebted. 
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Bi synthesis in microorganisms (23), did not influence nucleic acid syn. 
thesis in FA-deficient or complete media. 

Results similar to those for L. caset were obtained with S. faecalis R with 
respect to its nutritional relationship to folic acid, vitamin Bis, thymine. 
and thymidine. 

Nucleic Acid Synthesis in L. leichmannii—The organism did not need 
an external supply of FA. In a medium containing purines and uragj] 
the effect of vitamin B,2 could be seen only on DNA synthesis (Table IV), 
However, in the absence of purines and pyrimidines in the medium (Table 


TABLE III 


Effects of FA and Vitamin By. on Nucleic Acid Synthesis in L. casei in 
Absence of Purines and Pyrimidines 























Supplement per 100 ml. | Cell mass | PNA DNA 
a SL 2 | on. per : wen 1 oe cent ‘ 
FA 5 mugm..... Doe ig te a, a oe | | 6.80 | 1.45 
I noo oy dip ey Ss vont ce hoe a ae 0.48 | 9.16 2.53 
I EIR 5 6. acest viwaclee cde eas eacemee | 0.14 | 6.27 1.23 
. we eo a eee eee ee 0.18 | 7.69 | 2.00 
FA + vitamin B,2 200 mugm each................ 0.56 | 9.82 | 3.52 
TABLE IV 
Effect of Vitamin Biz on Nucleic Acid Synthesis in L. leichmannii 313 
ae eee Cell mass | Cell nitrogen | PNA | DNA | ro nent 
myugm. on. per “7*y prem oar — | = cont _ a 
5 | 0.25 9.87 | 10.32 | 1.79 3.7 
20 0.39 9.60 | 9.01 | 2.85 9.7 
100 | 0.53 8.74 | 9.89 3.05 13.4 





V), the vitamin influenced synthesis of both PNA and DNA. A hydroly- 
sate of DNA could substitute for vitamin B,. when used in combination 
with purines and uracil. Aminopterin impaired synthesis of PNA and 
DNA. The effect was less pronounced in the presence of vitamin By 
(Table VI). 

Nucleic Acid Synthesis in Other Microorganisms—FA and vitamin By 
had no effect on nucleic acid synthesis in L. arabinosus and E. coli. The 
results with the latter organism are reported in Table VII. 

Purine Degradation in L. casei—Although the effects of FA and vitamin 
Biz. on the nucleic acid content of microorganisms could be due to their 
rdle in nucleotide synthesis, a check by the vitamins on the degradative 
mechanisms is not excluded. Inhibition of oxidation of purines by FA has 
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been reported in higher animals (24, 25). A study was therefore made of 
the oxidative decomposition of xanthine and adenine in L. casei by follow- 
ing the liberation of ammonia (26) on incubation with cell suspensions in 


TABLE V 
Effect of Vitamin Bz on Nucleic Acid Synthesis by L. leichmannii in 
Absence of Purines and Pyrimidines 


| Cell Cell 


Supplement per 100 ml. mass |nitrogen PNA | DNA 

. o fF 
perl per cent per cent | per cent 

a 
Vitamin By. 5 mygm. , | 0.19 | 9.21 | 6.51 | 1.43 
“ ** 100 mugm. ; 0.51 | 8.63 | 8.27 | 2.37 
AGU* + vitamin By: 100 mugm....... 0.57 | 9.09 | 10.21 | 2.95 
« + DNAf hydrolysate............. ; 0.42 | 9.35 | 10.50 | 3.26 
3.00 


oe “ + vitamin B;2 100 mugm..| 0.61 | 9.15 | 10.44 


* Adenine sulfate, guanine hydrochloride, and uracil 1 mg. of each. 
+ DNA hydrolyzed by autoclaving with NH; at pH 10 for 4 hours, 15 pounds; 
neutralized; addition per 100 ml., 2 mg. of DNA. 


TaBLeE VI 
Effect of Aminopterin on Nucleic Acid Synthesis in L. leichmannii 


Cell 


Supplement per 100 ml. Cell mass nitrogen 


PNA | DNA 


| 
me a 
gm. perl. | per cent 











oer euut | per cent 

Vitamin Bi. 5 mygm.. . eens 0.28 9.64 10.05 1.62 

ste “ 5 ‘* + aminopterin 257..... 0.19 9.26 1.44 | OF 

" Cl eee ’ 0.60 8.86 9.88 2.86 

" “100 ‘* + aminopterin 25 y.. | 0.47 8.93 8.68 2.08 

TasBLe VII 
Effects of FA and Vitamin By. on Nucleic Acid Synthesis in E. coli 

Supplement per 100 ml. | Cell mass PNA | DNA 

a. _—- ; — — gm. wk per pry | po ont 
None. . a AIR aa ect csi ces Salen te too 0.44 8.92 3.78 
ERECTED Oy SEO 0.39 8.68 3.90 
Vitamin Bj: 200 mugm....... ier 0.48 8.99 4.26 





FA + vitamin Bi. 200 myugm. each.......... | 0.47 9.22 3.80 





Conway microdiffusion units (27). The results showed that FA and vita- 
min By, depressed purine degradation by 10 to 30 per cent; the inhibition 
was observed best with xanthine. This effect did not, however, parallel 
the stimulation of nucleic acid synthesis by the two vitamins. 
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DISCUSSION 


The foregoing observations demonstrate that FA and vitamin By are 
concerned with the control of nucleic acid synthesis in microorganisms, 
The failure of Prusoff et al. (7) to observe an effect of FA on PNA synthesis 
may be explained as due to the presence of preformed purines in the basal 
medium. The present study would also emphasize that the vitamins are 
concerned primarily in the biosynthesis of the purine and thymine compo- 
nents and that vitamin By. further mediates in DNA synthesis. 

The effect of vitamin By. on L. casei and S. faecalis R is somewhat unex- 
pected. These organisms do not require vitamin By»: for growth or other 
general activity, as shown by acid production. Yet the vitamin exerts an 
influence on the formation of nucleic acids with or without FA. A similar 
case of stimulation, specifically of nucleic acid elaboration with cobalt, was 
recently reported by Levy and coworkers (28, 29) with yeast and Proteus 
vulgaris. 

A role of vitamin Bi: in the biosynthesis of purines from 4-amino-5- 
imidazolecarboxamide has been suggested from studies with sulfonamide- 
inhibited EL. coli and LF. coli mutants requiring purines (30). However, its 
FA-replacing action reported here would indicate that it is also concerned 
in thymine synthesis, although growth replacement and related studies 
implicate it in thymidine formation. It is tempting to speculate that an 
alternative pathway not involving thymine might be operative in L. casei 
for thymidine synthesis when vitamin Bi: replaces PGA. 

In L. arabinosus and FE. coli, FA and vitamin By singly or in combination 
do not influence nucleic acid synthesis. These organisms are known to 
elaborate FA-active compounds in considerable quantities (31, 32). L. 
arabinosus also produces appreciable amounts of vitamin By (33). Hence 
it may be expected that added vitamins may have no effect. On the other 
hand, LE. coli, L. casei, and S. faecalis R are known to produce only a feeble 
vitamin By activity (33). Although this amount may be sufficient to 
stimulate normal growth, requirements for growth and for optimal meta- 
bolic activity with respect to isolated systems need not necessarily be paral- 
lel. However, this may mean that enhanced synthesis of nucleic acids 
may not be essential for normal life processes. 

In this connection the recent observations of Bendich and coworkers (34) 
are of interest. Tissue DNA is reported to be heterogeneous, the types 
being differentiated by chemical characteristics. Physiological differences 
are postulated. Such heterogeneity has also been demonstrated with DNA 
of microbiological origin; thus, part of the DNA in S. faecalis cells was 
found to be firmly bound to polysaccharide material and could not be dis- 
solved in alkali (35). 

The lack of any influence of vitamin By: on EZ. coli could be due to 4 
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liference in permeability or metabolic pattern which may exist, especially 
in view of its gram-negative character. 


SUMMARY 


The influence of folic acid and vitamin By: on nucleic acid synthesis was 
studied in the microorganisms Lactobacillus casei and Streptococcus faecalis 
R, requiring folic acid, Lactobacillus leichmannii, requiring vitamin By, and 
Lactobacillus arabinosus and Escherichia coli, not requiring either vitamin. 

In L. casei and S. faecalis R, the desoxypentose nucleic acid content 
varied with availability of folic acid. In L. leichmannii, a similar relation- 
ship was observed with respect to vitamin By». 

With media devoid of purines an effect of the vitamins on pentose nu- 
deic acid synthesis was observable in L. casei and in L. leichmannii. 

In L. casei and S. faecalis R, vitamin Bi: could apparently substitute for 
folic acid in nucleic acid synthesis but not in other respects. There was 
an additive effect when both the vitamins were supplied. 

Neither folic acid nor vitamin By: influenced nucleic acid synthesis in 
L. arabinosus and E. colt. 

Liberation of ammonia from purines by resting cells of L. casei was in- 
hibited by folic acid and vitamin Bi: when present in the growth media. 
The effect, however, was not pronounced. 
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HYDROLYSIS OF THE OLIGOGALACTURONIDES AND PECTIC 
ACID BY YEAST POLYGALACTURONASE 


By ARNOLD L. DEMAIN anp H. J. PHAFF 
From the Department of Food Technology, University of California, Davis, California) 


(Received for publication, February 23, 1954) 


Yeast polygalacturonase (YPG) is a constitutive type enzyme, produced 
exocellularly and free of pectinesterase by Saccharomyces fragilis (1). It 
has an optimal pH of 4.4 and appears to be specific in its activity towards 
plygalacturonides (2). YPG differs from preparations of commercial 
fungus polygalacturonase in that it cannot carry out a complete breakdown 
of pectic acid to galacturonic acid. If the hydrolysis is carried out at pH 
5.0, the compounds present when the reaction slows down to an extremely 
low rate (about 48 per cent glycosidic hydrolysis) are a mixture of tri-, di-, 
and monogalacturonic acids (3, 4). The same three products are formed 
by enzyme preparations from Aspergillus foetidus (grown in a submerged 
culture) at pH 5.5 (5) and by tomato extracts at pH 4.5 (6) on pectic acid. 

In the present paper, we have studied the action of YPG on pectic acid 
and on di-, tri-, tetra-, and pentagalacturonic acids at different pH values. 
This comparative study has enabled us to explain more fully the behavior 
of YPG on the parent compound, pectic acid. 


Methods 


YPG Preparation—The enzyme solution was the culture fluid of S. 


fragilis, grown as previously described (2) and dialyzed at room tempera- 


ture against 0.1 mM acetate buffer at pH 5.0. The activity of this solution 
was 9.7 X 10-* polygalacturonase unit per ml. 1 unit of hydrolytic ac- 
tivity is the amount that will release 1 mm of reducing groups per minute 
at pH_ 5.0 from a 0.5 per cent pectic acid solution. Since Lineweaver et al. 
7) have defined this activity unit with a pectic acid substrate at pH 5.0, 
we have used the same pH value for this substrate, although the optimal 
pH for YPG is actually 4.4 to 4.5 (2). However, YPG exhibits a broad 
optimum at room temperature, and the difference in activity between pH 
44 and 5.0 is small. 

Determination of Reaction Rates—Glycosidic hydrolysis of the various 
substrates was followed at 29° and pH 5.0 or 3.4, depending on the experi- 
ment. Liberation of reducing groups, expressed in millimoles, was deter- 
mined by a modified Willstatter-Schudel hypoiodite method (8) when pec- 
tate was the substrate. For the sake of economy, the breakdown of the 
digouronides was followed by the Yemm semimicro iodometric determina- 
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382 URONIDE AND PECTIC ACID HYDROLYSIS 
tion (9), which requires only about 9 um of uronide. All of the initiy 
reaction mixtures contained 3 um of uronide per ml. 3 ml. samples wep 
removed at intervals. These were added to 2 ml. of distilled water, afte 
which the usual reagents were added immediately. The reproducibility 
and accuracy of this method were found to be usually within 1 per cent, 
In some experiments, liberation of galacturonic acid was correlate 
with the measurements of glycosidic hydrolysis. This was done color. 
metrically by the naphthoresorcinol reaction, which has been shown to ly 
reasonably specific for galacturonic acid (3, 4, 10), provided proper controls 
are used. In the experiment in which the breakdown of pectic acid was 
traced (Fig. 1), a modified Harris procedure was followed as described by 
Luh and Phaff (4). As shown by these authors, there is a small inter. 
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Fic. 1. Reducing groups and galacturonic acid formation during the hydrolysis of 
0.5 per cent pectic acid at pH 5.0 by 2 per cent (volume by volume) of YPG solution. 
Per cent hydrolysis is based on the fraction of total galacturonide bonds split. 


ference of di- and trigalacturonic acids, which produce some color with the 
reagent. This interference is very slight in the beginning of the hydrolysis 
and rises gradually to a maximum of about 6 per cent in the last stages (4). 
Due to the difficulty of estimating the varying concentrations of the lower 
oligouronides during the course of hydrolysis, the values plotted in Fig. | 
are the observed ones. In the experiments dealing with the breakdown of 
tetragalacturonic acid, we used the procedure of Mills (11), except that the 
heating time was reduced to 75 minutes and the temperature increased to 
65°, as suggested by the same author (12). Also, the amount of naphtho- 
resorcinol per test was reduced to 10 mg., which was found to be satis- 
factory by Rahman and Joslyn (10). With each series of determinations, 
a blank with distilled water was run, and the value obtained was subtracted 
from all other readings. Between 0 and 100 y of galacturonic acid per 
sample, the optical density is proportional to the galacturonic acid con- 
centration. A standard curve thus prepared was used to calculate the 
galacturonic acid content of unknown samples. 
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initia) Paper Chromatography—In following YPG action chromatographically, 


S Wer | amples were removed periodically, heated in a boiling water bath for 5 
', afte | minutes to inactivate the enzyme, evaporated in vacuo to dryness, and re- 
ibility hydrated with a small amount of water. Approximately 250 y of total 
‘ent. | uronide were placed at the origin. Descending chromatograms were de- 
related veloped with the epiphase of an ethyl acetate-acetic acid-water mixture 


colori- | (9:1:2) on Whatman paper No. 4 (13). The papers were sprayed with 
1 to be | m-phenylenediamine hydrochloride and heated at 100° for 5 minutes. 
onttok | Preparation of Substrates—Wichmann pectic acid was prepared by the 
id Was procedure of Newbold and Joslyn (14). The uronic anhydride content on 
bed by the dry weight basis was 90.0 per cent. Tetragalacturonic acid was made 
| inte | cording to the method of Demain and Phaff (13) and had a COOH: CHO 
ratio of 3.98. The procedure of Phaff and Luh (4) was employed for the 
preparation of trigalacturonic acid (COOH:CHO = 3.02) and digalac- 
turonic acid (COOH:CHO = 1.99). 


Results 


Pectic Acid Breakdown at pH 5.0—When a 0.5 per cent (dry weight) 
pectic acid solution, buffered at pH 5.0 with 0.1 m acetate buffer, is at- 
tacked by 2 per cent (volume by volume) of YPG solution, the changes 
that follow are shown in Fig. 1. Two linear phases are evident. The first, 
which lasts for 30 minutes, is characterized by a rapid liberation of reducing 
groups, but very little galacturonic acid is released in this period. This 
ysis of | initial linear phase, after reaching approximately 25 per cent hydrolysis, 
olution, | tapers off into a second linear phase which lasts for about 10 hours. Gly- 
t. cosidic hydrolysis during the initial phase proceeds at a rate 44 times as 
fast as that in the second stage. After the 10th hour, both curves start to 
ith the } flatten out and hydrolysis becomes slower and slower. The important 
rolysis | point is that, throughout the second phase and the remainder of hydrolysis, 
zes (4). galacturonic acid formation and reducing group liberation parallel each 
> lower | other closely. 

Fig. | Gross changes during the course of action of YPG on pectic acid can also 
own of } be followed by chromatographing the various intermediate fractions during 
nat the | the course of hydrolysis (Fig. 1). This is shown in Table I. Since a 
sed to | chromatogram does not detect intermediates or end-products present in 
phtho- | yery small concentrations, the exact times of their appearance or disap- 
> satis- | pearance cannot be read from the paper. However, important clues may 
ations, | be obtained regarding the course of the reaction. During the first stage, 
tracted | pectic acid is broken progressively into smaller units, finally resulting in a 
‘id pet | mixture of penta-, tetra-, tri-, and digalacturonic acids. The identity of 
id con- | these oligouronides has been discussed in a separate paper (13). The lack 
ite the | ofa significant amount of galacturonic acid during this stage is in accord 
with the lower curve of Fig. 1. By the time the rate of increase of the 
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reducing group has tapered off to the linear rate of the second phase 
pentagalacturonic acid has disappeared. After about 23 hours, when ti 
second phase is no longer linear, tetragalacturonic acid has decreased to 
concentration at which it is only barely detectable chromatographically 
During this period, galacturonic acid has accumulated. The closely par. 
allel curves in Fig. 1 indicate that, after the initial breakdown of pectic 
acid, every glycosidic bond split results in the formation of a molecule ¢ 


TABLE I 
Paper Chromatographic Analysis of Galacturonides 
Hydrolysis of 0.5 per cent pectic acid by 2 per cent (volume by volume) of the 
YPG solution at pH 5.0. 


Duration of Galacturonides 








enzymatic = een een = = : nm 
nydeclyels Poly- Penta- Tetra- Tri- Di- | Mono. | bonds split 
min. per cent 
1.5 - - - - - - 1 
10 + + - - = - 8 
21 - + + + + - 16 
31 _ _ + a > = 20 
40 ~ + + + + _ 23 
51 _ + a + + ae 24 
hrs. 
1 = (+)* + + + - 25 
2 ~ - + + + ~ 2 
4 - a + + + 29 
10 - = + + + + 34 
23 - - (+)* + 7 ~ 37 
46 - - ~ + + + 39 
days 
30 - — + + + t 


* Represents weak spots. 
t Not determined. 


galacturonic acid. Qualitative paper chromatography shows that, during 
the second linear phase, tetragalacturonic acid is the principal substrate. 

Thus, the evidence indicates that during this phase tetragalacturonic 
acid is split into the triuronide and galacturonic acid, rather than into 2 
moles of digalacturonic acid. 

Hydrolysis of Tetragalacturonic Acid—Since thus far only pectic acid had 
been used in determining the optimal pH of YPG, it was felt that the same 
should be done with tetragalacturonic acid as a substrate before studying 
in more detail the enzymatic breakdown of this system. The pH was 
varied between 2.25 and 6.10. The results, which are shown in Fig. 2, 
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indicate an optimal pH of 3.3 to 3.5. Thus, the reaction on tetragalac- 
uronic acid has a lower optimal pH value than the reaction on pectic acid. 

Hydrolysis curves of tetragalacturonic acid at pH 5.0 (0.1 m acetate 
buffer) and pH 3.3 (0.05 m phthalate buffer) by 10 per cent (volume by 
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Fic. 2. Effect of pH on the rate of hydrolysis of tetragalacturonic acid (3 um per 
nl.) by 2 per cent (volume by volume) of YPG solution. For comparison, the effect 
of pH on the rate of hydrolysis of pectic acid by YPG is shown in the upper right-hand 
corner (cf. Luh and Phaff (2)). 
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Fic. 3. Hydrolysis of tetragalacturonic acid (3 um per ml.) by 10 per cent (volume 
ty volume) of the YPG solution at pH 3.3 and 5.0. The reaction was followed by 
measuring the increase in reducing value and the formation of galacturonic acid. 


volume) of the YPG solution are shown in Fig. 3. It can be seen that, at 
both pH values, the liberation of reducing groups closely parallels the 
galacturonic acid increase, thus confirming the above indication that tetra- 
gilacturonic acid undergoes a 3 + 1 split. By the Mills procedure (12), 
which was used here, tri- and tetragalacturonic acids produce somewhat 
more background color than in the other method used (4). However, it 
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was found that the color produced per micromole for these two acids yy ~ 
the same. Since each mole of tetragalacturonic acid produces 1 mole ¢ _— ‘ 
trigalacturonic acid, it appears valid to assume that the background cole ae . 
remains the same during the reaction. Therefore the initial optical density _ 
was subtracted from all subsequent readings. , 

A paper chromatogram was run in conjunction with the above expet:| a drolysi 
ment. The results, reported in Table II, show clearly that the trimer aj — 
monomer are the primary reaction products of tetragalacturoniec acid y 
both pH values. Sin 

TasLe II 
Hydrolysis of Tetragalacturonic Acid by YPG As Shown by Paper Chromatography rm 
pH 3.3 pH 5.0 : 
Galacturonides Chietie 4 
Time - -— Time 12 
Tetra- | Tri- | Di- | Mono- Tetra- | Tri-| Di- | Mow. 39 
min min. | Be  p 
0 + = - — 0 + —|-|- PG 
20 + |4)t|-| Got 55 + |=|« | |" 
50 (+)t| + —-| + 190 (H)t)}+)-] + 
hrs. 
90 - >» |=] + 76 - |+]-] +4 
hrs. 
5.6 - + |-| + 436 —- |+]+ | + 
103 - = = + | 
Final — _ + + | Final ~ ie + + 

* The final readings were obtained in a separate experiment with 20 per cent 
(volume by volume) YPG instead of 10 per cent, after allowing the enzyme to act for 
2months. Control experiments (no YPG) showed only tetragalacturonic acid after 
this period. 

{ Represents weak spots. 

The chromatogram also reveals a more important fact; viz., that the tr- 
galacturonic acid formed is further broken down to digalacturonic plus 
galacturonic acid after prolonged exposure to a large amount of YPG. 

Hydrolysis of Trigalacturonic Acid—The above evidence of the ability of 
YPG to hydrolyze trigalacturonic acid was first confirmed chromato- = “ 
graphically in a separate experiment with this acid as the substrate. The | ring 
results are presented in Table III. Again, hydrolysis at the lower pH was 
faster. This fact is even clearer in Fig. 4, which illustrates the increase in | ypq 
reducing groups when trigalacturonic acid is hydrolyzed by 10 per cent per © 
(volume by volume) of the YPG solution. By comparing these curves t0 | 4), 
those shown in Fig. 3, it can be seen that the initial rate of hydrolysis of Ther 
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Cids Wy tetragalacturonic acid is about 50 times as fast as the rate with trigalac- 
rye turonie acid. 
nd cal Inability of YPG to Attack Digalacturonic Acid—To determine whether 
| density 
Tase III 
> EXpen- Hydrolysis of Trigalacturonic Acid by YPG As Shown by Paper Chromatography* 
mer ani] ———— . ian enremeanten 
acid af pH 3.5 pH 5.0 
Time Galacturonides Galacturonides 
Tri Di- Mono- Tri- Di- Mono- 
ography* pm a a ies | an ce — 
i 
0 + ~ = + ~ i 
mace. 1 - - i + + + 
des 4 (+)t + | + + + . 
—— 12 - + | + + + ~ 
i- | Mono- 32 - + a — + on 
| | *20 per cent (volume by volume) concentration of YPG. Control experiments 
| 7 | (no YPG) showed only trigalacturonic acid at the end of the experiments. 
| | - + Represents weak spots. 
+ 
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mato- Fic. 4. Hydrolysis of trigalacturonic acid (3 um per ml.) by 10 per cent (volume by 
The volume) of the YPG solution at pH 3.5 and 5.0. The reaction was followed by meas- 
~ | uring the increase in reducing value. 
H was 
ase iN | vp : ; ‘ ‘ , ‘ : 
, YPG is able to attack digalacturonic acid, this acid was treated with 10 
r cen . . . . ° 
per cent (volume by volume) of a solution of YPG. The reaction was 
ves to ° . ° ~ » 
is of followed by reducing group titration of the system at pH 3.5 and 5.0. 
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The results showed that there was no attack on digalacturonic acid. How- 
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ever, on addition of excess fungus polygalacturonase! after 300 hours, the 
compound was rapidly hydrolyzed to galacturonic acid. A final test was 
made by adding 20 times the amount of YPG (in the form of a concep. 
trated preparation) used in the previous test. A chromatogram, mp 
after incubation for 5 and 28 days at 29°, showed that digalacturonic aeid 
was not attacked. In addition, the yeast also appears to lack an intra. 
cellular enzyme for this purpose, since lyophilized cells of S. fragilis were 
unable to hydrolyze the dimer. 

Correlation between Action of YPG on Pectic Acid and Oligouronides—Ty 








study the effect of pH on the two linear phases of pectic acid hydrolysis, 
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Fia. 5. Effect of pH on pectic acid (0.5 per cent) hydrolysis by 2 per cent (volume 
by volume) of the YPG solution. Buffers, pH 5.0, 0.1 m acetate; pH 3.3, 0.05 
phthalate. 


2 per cent (volume by volume) of YPG solution was added to 0.5 per cent 
solutions of pectic acid at pH 5.0 and 3.3. Fig. 5 shows that the rate of 
the first phase was decreased by lowering the pH, while the rate of the linear 
part of the second phase increased. 

The remainder of the hydrolysis was studied in a separate experiment 
with 10 per cent (volume by volume) concentrations of the YPG solution. 
The results are given in Table IV. At pH 3.4, hydrolysis was much faster 
than at pH 5.0. This can be explained by the much more rapid hydrolysis 
of trigalacturonic acid at the low pH. The reaction ceased after 70 per 
cent hydrolysis. Breakdown at pH 5 continued throughout the experi- 
ment, but at an extremely slow rate. A chromatogram at 28 days showed 


1 Pectinol O, manufactured by the Rohm and Haas Company. 
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oly di- and galacturonic acids at the low pH, while all three lower uronides 
were still detectable at the higher pH. 

Hydrolysis of Pentagalacturonic Acid—9 mg. of pentagalacturonic acid 
were obtained by elution from paper sheets. To a 2 per cent aqueous solu- 
tion of this material 16 per cent (volume by volume) of YPG solution was 
added. The reaction was followed by paper chromatography. After 30 
minutes, tetra-, tri-, di-, and galacturonic acids were present in addition to 
the substrate. By 90 minutes, the pentamer had disappeared. The most 
important result of this experiment is that digalacturonic acid is formed 
during the initial stages of breakdown. Thus there is strong evidence that 














TaBLeE IV 
Hydrolysis of Pectic Acid by YPG As Shown by Increase in Reducing Groups* 
pH 3.4 | pH 5.0 
Time : ae § oa? fi aA Foy eh 
ne Hydrolysis | eee ~~ peated Hydrolysis 
a a _ wit he cent pM per 5 —L per py 
1.5 53.3 42 | 44.0 34 
24.5 66.6 52 56.9 44 
days | 
3.1 79.9 62 58.4 46 
8.0 87.7 69 59.4 46 
13.1 89.0 70 62.4 49 
22.9 | 88.6 69 66.0 52 
36.0 89.9 70 69.8 55 
66.0 89.9 70 72.9 57 














*10 per cent (volume by volume) YPG concentration. 


the primary attack on pentagalacturonic acid can occur in either one of the 
following ways: 
(1) Pentagalacturonic acid — tetragalacturonic acid + galacturonic acid 


2)  Pentagalacturonic acid — trigalacturonic acid + digalacturonic acid 


Inhibition of Tetragalacturonic Acid Breakdown—Since there is affinity 
between YPG and trigalacturonic acid, it was of interest to determine 
whether this was sufficiently strong to lower the rate of the enzyme attack 
on tetragalacturonic acid in the presence of the trimer. The reaction took 
place at pH 3.3 in the presence of 10 per cent (volume by volume) of the 
YPG solution. Fig. 6, A shows the effect of increasing molar ratios of 
trigalacturonic acid-tetragalacturonic acid on the rate of reducing group 
liberation. The initial rates are due to the hydrolysis of tetragalacturonic 
acid only, since the breakdown of the trimer is negligible in these short 
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time experiments. The results show a significant inhibition of tetragalae. 
turonic acid hydrolysis. The highest ratio studied, 4:1, decreases the rate 
59 per cent. Care was taken to adjust each reaction mixture to the same 
pH (3.3), since the increasing amounts of acid lowered the pH of the buf. 
fered solutions slightly. 

In contrast, digalacturonic and galacturonic acids, when present in 4-fold 
molar concentrations, did not significantly inhibit hydrolysis (Fig. 6, B). 
This lack of inhibitory effect of the two lower uronides was further studied 
by comparing the rate of trigalacturonic acid breakdown in the absence and 
in the presence of a mixture of galacturonic and digalacturonic acids (1:1:] 
molar ratio). Both rates were identical, indicating that the lack of affinity 
of YPG for the dimer, as shown by the hydrolysis experiment, can be cor- 
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Fic. 6. Inhibition studies of the hydrolysis of tetragalacturonic acid by 10 per 
cent (volume by volume) of the YPG solution at pH 3.3. A, in the presence of 
increasing molar ratios of trigalacturonic acid; B, in the presence of 4-fold molar 
concentrations of di- and galacturonic acids. 


related with its lack of inhibitory effect on the breakdown of tetra- and 
trigalacturonic acids. 


DISCUSSION 


The results reported indicate that the action of YPG on polyuronides 
is favored by a higher pH than is its action on tetra- and trigalacturonic 
acids. The last stage of pectic acid hydrolysis represents the breakdown 
of trigalacturonic acid into galacturonic and digalacturonic acids, a re- 
action which proceeds at a reasonable speed at pH 3.4, but extremely slowly 
at pH 5.0. For this reason, Phaff and Luh (3), who worked at pH 5.0, 
concluded that the trimer was one of the end-products. 

When the reaction ceases, 70 per cent of the theoretical hydrolysis has 
occurred, leaving a mixture of galacturonic and digalacturonic acids in 
solution, in an approximate molar ratio of 4:3. 

It is of interest to compare the observed pH effect with the results of 
Dingle, Reid, and Solomons (15). These workers postulated that poly- 
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salacturonase of A. foetidus is actually a complex of at least three enzymes. 
The enzymes attacking pectic acid have pH optima of 5.3 (submerged cul- 
ture) and 4.5 (surface grown), while those degrading “intermediate” and 
dligouronides have an optimum at 3.5. Although there is a possibility 
that YPG also is a complex of two or more enzymes, the observed facts 
can be explained equally well by assuming one active enzyme. The follow- 
ing hypothesis is in accord with all experimental results. 

Experiments by Luh and Phaff (2, 4) on the action of YPG on pectinic 
acids of varying methoxyl content indicate that YPG requires at least two 
neighboring free carboxyl groups to permit hydrolysis of the corresponding 
linkage. ‘The second provision in our hypothesis is that one of the end- 
groups in an oligo- or polyuronide chain hinders hydrolysis when the two 
galacturonic acid anhydride units in question are close to this end-group. 
The farther the site of enzyme attack is removed from the interfering end- 
group, the greater the velocity of hydrolysis becomes. Finally, at a dis- 
tance at which the hindrance becomes negligible, maximal velocity is ob- 
tained. At the present time, work is in progress to determine which, if 
any, of the end-groups causes inhibition. 

In this connection, McCready and McComb (16) recently reported that, 
for fungus polygalacturonase, the initial rate of hydrolysis was the same 
for polygalacturonic acids containing between 10 and 200 galacturonic an- 
hydride units, but that the rates of hydrolysis of di- and trigalacturonic 
acids were only 5 per cent of that of pectic acid. Oligouronides between 
those with 3 and 10 units were not studied by these authors. 

According to our hypothesis, presented above, digalacturonic acid is not 
attacked because it has no affinity to YPG. This is evident from the ob- 
servation that the dimer does not inhibit the breakdown of the higher 
oligouronides significantly. On the other hand, trigalacturonic acid has 
an appreciable affinity to YPG, as demonstrated by its inhibition of 
tetramer hydrolysis; however, trigalacturonic acid is attacked very slowly. 
Hence it must be postulated that the interference occurs in the breakdown 
of the enzyme-substrate complex rather than in its formation. With tri- 
galacturonic acid, the scission could occur at the bond farthest away from 
the interfering end-group. However, because of the proximity of the inter- 
fering group, the rate of hydrolysis would be low, which is in accord with 
the facts. With tetragalacturonic acid two splits would be possible, in the 
middle and at the end away from the interfering end-group. The relative 
rates of hydrolysis of these two bonds may be inferred by comparison of the 
tates of tetra- and trigalacturonic acid breakdown. Since the former was 
found to be split about 50 times as fast as the trimer, the central bond is 
probably split at about 2 per cent of the rate of end-group attack. Hence, 
the central split does not occur at a detectable rate. With pentagalactu- 
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ronic acid, on the other hand, one can visualize a 1 + 4 and a 2 + 3 split 
both taking place at appreciable velocities. The third possible split into 
3 + 2 again would be so slow that it does not contribute to the over-ajj 
picture. Ultimate proof of this hypothesis must await demonstration that 
tetragalacturonic acid is split only on one side of the molecule. 

The present hypothesis is not without precedent. For example, when 
pure a-amylase acts on amylose, the same two-phase curve is obtained (17), 
a-Amylase can hydrolyze maltotriose (which is formed as an intermediate) 
at an extremely slow rate into maltose and glucose, but does not attack 
maltose. Other systems of a similar nature include the xylanase of Chae. 
tomium globosum, Streptomyces sp. and Micromonospora sp. (18), the hy- 
drolysis of cellulose to cellobiose (19) and the chitinase activity of Strep. 
tomyces.2, Thus, the hydrolysis of large polymers by an extracellular 
enzyme system to a dimer may be common to many different processes, 
Finally, it is of interest to compare the breakdown of these polysaccharides 
with the hydrolysis of polylysine by crystalline trypsin (20). Here, the 
initial phase resulted in the production of di-, tri-, and tetralysine, while the 
second phase represented the slow breakdown of tetra- and trilysine. 


SUMMARY 


The action of yeast polygalacturonase (YPG) on pectic acid and on the 
four lowest oligouronides was studied by paper chromatography and (with 
the exception of the pentamer) the results were correlated with the increase 
in reducing groups. Pectic acid hydrolysis curves consist of two linear 
phases, a rapid and a slow one. During the first, a mixture of penta-, 
tetra-, tri-, and digalacturonic acids is formed. As the pentamer dis- 
appears (by 2 + 3 and 4 + 1 splits), the reaction enters the second linear 
phase, during which tetragalacturonic acid decomposes into tri- and galac- 
turonic acids. The remainder of the reaction consists of a very slow hy- 
drolysis of trigalacturonic acid to the dimer and monomer, and ceases when 
70 per cent of the available bonds is broken. Digalacturonic acid is not 
attacked by YPG. It was found that the optimal pH of YPG on tetra- 
galacturonic acid was 3.3 — 3.5, whereas the optimal rate of the initial 
reaction on pectic acid has been reported before at pH 4.4 — 4.5. Tri- 
galacturonic acid is also hydrolyzed faster at the lower pH. The rates of 
hydrolysis increase with an increasing number of units per chain. 

It was found that the hydrolysis of tetragalacturonic acid was progres- 
sively inhibited by increasing molar ratios of the trimer, but di- and mono- 
galacturonic acids showed only negligible inhibitory activity. 

The findings have been compared with other high polymer systems, and 
a hypothesis has been presented to explain the observed facts. 


2D. M. Reynolds, personal communication. 
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PURINE METABOLISM IN BACTERIA 


Il. FACTORS INFLUENCING BIOSYNTHESIS OF 4-AMINO-5- 
IMIDAZOLECARBOXAMIDE BY ESCHERICHIA COLI* 


By JOSEPH 8S. GOTS anp SAMUEL H. LOVE 


(From the Department of Microbiology, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, February 27, 1954) 


An important link in the chain of reactions leading to the biosynthesis 
of purines was found with the recognition (1), isolation (2), and identifi- 
cation (3) of 4-amino-5-imidazolecarboxamide (AICA). 

By means of isotopic tracers, AICA was shown to be incorporated into 
purine components by pigeon liver homogenates (4), yeast (5), and intact 
mammals (6, 7). This apparently occurs via a pentose form, presumably 
the ribotide, to yield inosinic acid (8-10). 

In nature, AICA has been found only as an accumulated product in 
cultures of gram-negative bacilli, primarily Escherichia coli. Such accumu- 
lation has been obtained by the use of inhibitory analogues of p-aminoben- 
wie acid (1, 11, 12) and folie acid (11, 13), or by genetic blocks involving 
defects in purine synthesis (14) and p-aminobenzoic acid synthesis (11). 
In all of these cases, the accumulation of AICA can be related to a preven- 
tion of its utilization by interference with the single carbon addition re- 
quired for ring closure at the 2 position of the purine nucleus. However, 
Stewart and Sevag (15) reported that non-inhibited FZ. coli cultures ac- 
cumulated AICA in a casein hydrolysate-glucose medium. 

With an aim toward determining the factors required for purine syn- 
thesis, a number of workers have examined the effects of various environ- 
mental manipulations on the production of AICA by growing EL. coli cul- 
tures (10-12, 15-19). The use of growing systems for this type of analysis 
immediately limits the extent of the factors that can be examined. Any 
agent which alters the growth response will, a priori, affect the accumula- 
tion. The components of the medium, however simple, must be present, 
and postulated metabolic derivatives of these components cannot be ade- 
quately assayed unless they can substitute for growth requirement. In 
order to circumvent these difficulties and with the eventual goal of resolv- 
ing purine synthesis to an enzymatic level, we have examined the produc- 
tion of AICA by non-proliferating cell suspensions of E. coli. This was 
made possible by the use of a purine-requiring mutant which is genetically 

* Aided in part by a grant from The National Foundation for Infantile Paraly- 
sis, Inc. 
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impaired in the conversion of AICA or its ribose derivative, and hence 
accumulates AICA. In environments lacking a purine, the bacteria rp. 
main quiescent with respect to growth and cell multiplication. Using 
these conditions as an index of purine-synthesizing potentialities, we have 
examined some factors which control the synthesis of AICA. 


Materials and Methods 


The organism used was E. coli, strain B-96, a purine-requiring mutant 
of strain B. Growth requirements and the accumulation of AICA by this 
mutant have been described (14). 

Bacterial suspensions were prepared from an overnight culture in tryp- 
tose broth containing glucose (0.2 per cent). The cells were washed twice 
by centrifugation and resuspended in physiological saline. The concen- 
tration of the suspension was adjusted on a basis of mg. of dry weight per 
ml. by means of previously calibrated turbidity standards. The test sys. 


: : f. a : 
tems were routinely carried out in the presence of M/15 phosphate buffer 


at pH 7.2 in a water bath at 37°. The components of the reacting systems 
varied for the particular experiment and will be described where indicated, 
At prescribed intervals, the reactions were terminated with trichloroacetic 
acid. The product was centrifuged, and the clear supernatant solutions 
were used for analysis. 

AICA was routinely determined by measurement as a diazotizable amine 
by the Bratton-Marshall method (20). This test does not permit distine- 
tion between the base and the ribose derivatives of AICA, which are also 
known to accumulate (21). Separate analysis for the riboside and _ribo- 
tide forms of AICA was not attempted in these studies, and hence the 
figures represent total AICA in all forms. 

Glucose was measured as a reducing sugar by the Folin-Wu method (22). 
Pyruvate was measured by the method of Bueding and Wortis (23). The 
orcinol method described by Drury (24) was used to measure pentoses. 


Results 

Active synthesis of AICA, progressing linearly with time, was obtained 
with the washed whole cell suspensions in the presence of glucose and an 
inorganic ammonium salt. Sonically prepared cell-free extracts and ace- 
tone-dried and vacuum-dried cells were inactive. Varying amounts of 
glucose gave a typical substrate saturation curve with optimal concentra- 
tion at 0.02 m. In the absence of a nitrogen source, glucose alone was inef- 
fective. Though the nitrogen requirement could be satisfied by simple in- 
organic salts, such as ammonium chloride or ammonium sulfate, casein 
hydrolysate, at an optimal concentration of 0.1 per cent, was several times 
more efficient in both rate of synthesis and maximal yield. This can be 
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od (22). Fig. 1. Rate of formation of 4-amino-5-imidazolecarboxamide as determined by 
). The | suree of nitrogen. The system consisted of EZ. coli cells (0.5 mg. per ml.), glucose 
(0.02 m), casein hydrolysate (CH, 0.1 per cent) or NH,Cl (0.1 per cent), in m/15 
phosphate buffer at pH 7.2. Mixtures incubated at 37°, and aliquots removed at the 
indicated times. The reaction was terminated with trichloroacetic acid. 

Fig. 2. Rate of formation of AICA as compared with rate of glucose utilization. 
btained | The system contained 0.1 per cent casein hydrolysate. All other components and 
and an | ‘eatment as indicated in Fig. 1. ‘‘AICA reversed’’ was calculated by subtracting 
the per cent of AICA formed from 100. 
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eaiailk elect. A requirement for glucose in the accumulation of AICA by sulfon- 
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neal and Sevag and Stewart (19). 
11 ial That AICA synthesis is a direct consequence of glucose metabolism was 
prs ne shown by a concomitant measurement of glucose utilization with AICA 


formation. Fig. 2 shows that, after a 15 minute lag, the rate of AICA 
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production is directly parallel to the rate of glucose disappearance. When 
glucose could no longer be detected as a reducing sugar, AICA accumula. 
tion ceased. This relationship served to explain the paradoxical regults 
obtained when AICA synthesis was measured as a function of cell concen- 
tration. As can be seen in Fig. 3, though the rate of synthesis is directly 
proportional to cell mass, up to a maximum, the eventual amount produced 
decreased with increased concentration of cells. Since AICA production 
13 T T T T | 

4-3 1 


7 YIELO | 
— ° ' 





MAXIMUM YIELD (yg/m/) 








RATE _ 


ro) 











RATE (yg AlCA/m//min) 





a ee ee ae a l i 
" 0.5 1.0 1.5 2.0 
CELL CONCENTRATION IN MG/ML 


Fig. 3. Maximal yield and rate of formation of AICA as a function of cell con- 
centration. The components and conditions were as indicated in Fig. 2. 


depends on the availability of glucose, it would be expected that an increase 
in cell concentration would allow a more rapid exhaustion of the carbon 
and energy sources provided by the glucose, thus leading to a rapid initial 
rate and early termination of AICA production. 

Apparently, glucose can serve as an oxidizable substrate for the provi- 
sion of the energy required for synthesis as well as a source of the carbon 
units which function as building blocks. Stewart and Sevag (15) tested a 
variety of carbon sources and found that L-arabinose, particularly in the 
presence of pyruvate, had a marked effect on the accumulation of AICA 
in growing systems. Our results with these and several other substrates 
were, in part, comparable to their findings. A wide variety of possible 
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carbon sources were tested for their ability to replace glucose in the pres- 
ence of casein hydrolysate. The amount of AICA formed in 3 hours by 
0,5 mg. of cells per ml. with 0.02 m of glucose was equated as 100 per cent 
activity. With equimolar quantities, the following substances showed 
activity as indicated: potassium gluconate, 154; p-galactose, 103; glucose- 
|-phosphate, 66; L-arabinose, 64; uridine, 22; and glucose-6-phosphate, 11. 
Thus, as a carbon and energy source for the synthesis of AICA, gluconate 
is more efficient than glucose. 

Since the phosphate esters of glucose may be under the restriction of 
permeability barriers, glucose-6-phosphate was also tested with a cell-free 
extract prepared by sonic vibration, but no activity could be demon- 
strated. Since uracil was inactive, the activity with uridine may be due 
toa liberation of ribose-1-phosphate. .-Arabinose, which has been shown 
to be more efficiently utilized than glucose for assimilatory purposes in 
BE. coli (25), will be discussed later as a special case involving adaptive 
processes. 

As a substitute for glucose, no measurable activity could be found with 
parabinose, D-ribose, L-xylose, pyruvate, succinate, fumarate, lactate, 
glycerol, phosphoglyceric acid, 8-glycerophosphate, bicarbonate, acetyl 
phosphate, choline, betaine, formate, acetate, citrate, a-ketoglutarate, 
malate, and ascorbic acid. When these substances were tested in the 
presence of a suboptimal supply of glucose (0.005 m), the last six listed 
were found to be inhibitory, ranging from 30 per cent inhibition with 
citrate to 60 per cent with malate and ascorbic acid. Pyruvate and fu- 
marate showed a slight stimulation (10 to 20 per cent) of the reduced 
glucose activity. 

Effects similar to these were obtained when L-arabinose was used as the 
substrate, except that ascorbic acid was completely inhibitory and pyru- 
vate and fumarate were more stimulatory in that their presence permitted 
a 2- to 3-fold increase in the yield of AICA. Stewart and Sevag (15) had 
previously noted an increased accumulation of AICA with a combination 
of L-arabinose and pyruvate. The ability of pyruvate to stimulate AICA 
production from L-arabinose was evident only during the first 3 to 4 hours 
of incubation. After this, synthesis progressed rapidly with t-arabinose 
alone until it was equal to the level obtained earlier with the addition of 
pyruvate. This delayed response with L-arabinose alone is in accord with 
the observations by Siegel and Clifton (25) that the enzymes involved in 
L-arabinose utilization are adaptive. It is difficult to understand why 
pyruvate, which by itself is bland, should nullify the delayed synthesis 
obtained with L-arabinose. That pyruvate did not enhance t-arabinose 
utilization was shown by the finding that no utilization of the pentose 
occurred until the pyruvate had been entirely consumed. 
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When the cell suspensions were prepared with bacteria previously grow, 
in the presence of L-arabinose, the lag in the synthesis of AICA no longer 
occurred with L-arabinose, nor did pyruvate show any stimulatory action, 
The activity with glucose and stimulation by fumarate were unaltered by 
previous growth in L-arabinose. With the arabinose-grown cells the rate 
of synthesis of AICA did not parallel the rate of L-arabinose utilization, 
as was the case with glucose (see Fig. 2), but exceeded it by a factor of 2 
That is, AICA was synthesized twice as fast as L-arabinose was consumed. 
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Fig. 4. The effect of aeration on the rate of formation of AICA. System as de- 
scribed for Fig. 2. ‘Aerobic’ curve obtained by bubbling air through the reaction 
mixture and ‘‘Anaerobic’”’ by similar treatment with pure nitrogen. 


On an economic basis, however, L-arabinose was superior to glucose in that 
the economic coefficient (moles consumed per mole of AICA formed) was 
50 to 60 for L-arabinose compared with 110 for glucose. 

Under aerobic conditions both the rate of formation and the total yield 
were increased 2 to 3 times over that obtained anaerobically. This was 
verified first with the use of Thunberg tubes from which the air had been 
removed and replaced with nitrogen. Both series of tubes were mechani- 
cally shaken during the reaction. Measurements with time were facili- 
tated by bubbling nitrogen through one reaction mixture and air through 
another at the same rate. The results of such an experiment are depicted 
in Fig. 4. It can be seen that a considerable enhancement of AICA for- 
mation occurred under the aerobic condition. 
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The effect of casein hydrolysate was investigated by analyzing the influ- 
ence of synthetic amino acid mixtures on the production of AICA. This 
was done by single and multiple additions and depletions in both the pres- 
ence and absence of inorganic nitrogen with glucose as the carbon and 
energy source. The amino acids were tested in a final concentration of 
100 y per ml. of the L form. Without any other nitrogen source, signifi- 
cant synthesis was demonstrated with serine, glutamic acid, or aspartic 
acid. A mixture of these three amino acids could substitute completely 


TABLE [| 
Effect of Amino Acids on AICA Synthesis 


Supplement AICA |Per cent effect over control 

y per mil. 

None. . ee ee ee eee 6.8 (Control 0) 
Casein hydrolysate. ... Fiat iti see 16.7 +146 
Histidine 11.3 +68 
Threonine . , ; eter 10.3 +53 
Glycine | 8.8 +30 
Aspartic acid 8.1 +20 
Arginine 1.4 +13 
Cysteine 5.7 —15 
Homoserine 3.6 —47 
Valine. . 3.5 —48 
a-Aminobutyric acid 2.7 —61 
Methionine 2.6 —62 


The system consisted of cells (0.5 mg. per ml.), glucose (0.02 m), and NH,Cl (0.1 
per cent), in M/15 phosphate buffer at pH 7.2. Amino acids added to final concen- 
tration of 100 y per ml. Mixtures were incubated at 37° for 3 hours and terminated 
with trichloroacetic acid. The following amino acids were within +10 per cent of 
the control and considered to have no significant action: lysine, isoleucine, leucine, 
tyrosine, phenylalanine, proline, glutamic acid, serine, alanine, and homocystine. 


for ammonium salts. Except for a slight stimulation with aspartic acid 
(Table I), these amino acids did not affect the activity obtained with 
ammonium chloride. This would indicate their non-specific réle as an 
alternative source of ammonia via the amino acid-deaminating mecha- 
nisms known to be possessed by this organism. More significance could 
be placed upon those amino acids which were able to increase the yield 
obtained with inorganic nitrogen. As is shown in Table I, these included, 
in the order of effectiveness, histidine, threonine, glycine, and aspartic 
aid, When cysteine, which alone was inactive, was added to a mixture 
of these four stimulatory amino acids, 80 per cent of the total casein hy- 
drolysate yield was obtained. In the absence of ammonium chloride, 
further addition of serine and glutamic acid was required to maintain this 
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activity. Table I also shows the inhibitory qualities of methionine, o. 
aminobutyric acid, valine, and homoserine. 

Negative results were obtained with a series of imidazole and malonie 
acid derivatives which, on a structural basis, might conceivably have served 
as precursors to AICA. These included imidazole, imidazole-4 , 5-dicar. 
boxylic acid, imidazole-4-carboxamide,' 4-amino-5-imidazolecarboxani- 
dine,? 4-formamido-5-imidazolecarboxamide (FAICA),* aminomalonic 
acid,’ malonamamidine,’ aminomalonamidine,? aminomalonamamidine 
(AMAA),* and formamidoaminomalonamamidine (FAMAA).* Some of 
the malonic acid derivatives have also been shown to be unable to serve 
as purine precursors in pigeon liver systems (26). AICA was increased 
with the two formamido derivatives, but this occurred even in the absence 
of cells and could be related to spontaneous hydrolysis of the formyl] group 
in the case of FAICA or spontaneous cyclization in the case of FAMAA 
(27). A substance which was chromogenic with the Bratton-Marshall 
reagents, but which had an ultraviolet spectrum different from that of 
AICA, was found on incubation of the cells in the presence of glucose and 
AMAA (AICA lacking the ureide carbon of the imidazole ring). Though 
no such substance was formed with glucose in the absence of cells, simi- 
lar substances could be obtained spontaneously by merely mixing AMAA 
with carbonyl-containing compounds such as pyruvic acid, a-ketoglutaric 
acid, or formaldehyde.‘ In the presence of the cells, glucose apparently 
was metabolized to a keto compound which could react spontaneously 
with AMAA, yielding a diazotizable amine. It is of interest to note that 
this did not occur when L-arabinose was utilized. 


DISCUSSION 


The carbon and energy requirements for the synthesis of AICA by the 
E. colt mutant described here were efficiently supplied by glucose. L-Arab- 
inose was also an efficient carbohydrate for this purpose, and its activity 
is in accord with the observations of Siegel and Clifton (25) that this 
pentose can be utilized efficiently as a source of both the carbon and 
energy for the synthetic processes of EZ. coli. The efficiency of gluconate 
in replacing glucose and the stimulation by aeration suggest that an im- 
portant pathway for AICA synthesis involves the aerobic gluconate path- 
way of glucose dissimilation. Since AICA occurs primarily as a riboside 


1 Obtained through the courtesy of Dr. Karl Pfister of Merck and Company, Inc. 

2 Obtained through the courtesy of Dr. M. Earl Balis of the Sloan-Kettering 
Institute for Cancer Research, New York. 

3 Obtained through the courtesy of Dr. Walter Brooks and Dr. John M. Buchanan 
of the Department of Physiological Chemistry, University of Pennsylvania. 

4 This reaction was first recognized and called to our attention by Dr. J. M. Bu- 
chanan (personal communication). 





(or ri 
antici 
souret 
Bot 
tion 
tion | 
may 
syste! 
Th 
role « 
show 
a the 
cule 
was 1 
and | 
than 
AIC: 
far le 
nine 
subst 
nutri 
The 
func’ 
possi 
thesi 
eXxog 
oxid: 
Hi 
of A 
have 
direc 
effec 
com 
the 
ther 
mor 
forn 
tidit 
0 
E.¢ 


unit 


ine, a 


nalonie 
served 
)-dlicar- 
Oxami- 
nalonic 
midine 
me of 
O serve 
creased 
ubsence 
l group 
AMAA 
‘arshall 
that of 
»se and 
hough 
3, Simi- 
AMAA 
rlutaric 
arently 
reously 
te that 


by the 
L-Arab- 
ctivity 
at. this 
on and 
1conate 
an im- 
e path- 
‘iboside 
ny, Ine. 
ettering 


uchanan 


-M. Bu- 





J. S. GOTS AND S. H. LOVE 403 


(or ribotide), a greater dependence on the gluconate pathway would be 
anticipated because it is this pathway which has been indicated as the 
source of ribonucleotides in E. coli (28). 

Both Stetten and Fox (2) and Sevag and Stewart (19) found that aera- 
tion of a sulfonamide-inhibited culture of E. coli prevented the accumula- 
tion of AICA. Our findings that aeration accelerated AICA formation 
may be an expression of an inherent difference in the quality of the two 
systems, the nature of which remains unknown. 

The stimulatory action of glycine is in accord with the well established 
tole of this amino acid as a purine precursor (29). Greenberg (10) has 
shown that glycine can also be incorporated isotopically into AICA. On 
a theoretical calculation that approximately one-third of the AICA mole- 
cule can originate from glycine, the activity with glycine, as found here, 
was not as great as might have been anticipated. Indeed, on both molar 
and kinetic bases, threonine was found to be consistently more efficient 
than glycine. Ravel et al. (18) reported that threonine could enhance 
AICA accumulation in the sulfonamide-inhibited cultures, but that it was 
far less efficient than glycine. They attributed this to the fact that threo- 
nine could serve as a precursor to glycine. This interpretation has been 
substantiated by the isotopic studies of Krasna et al. (30), but not by 
nutritional studies with glycineless and threonineless mutants of E. coli.5 
The greater efficiency of threonine over glycine would indicate that its 
function may be more than merely a source of glycine. However, it is also 
possible that an endogenous supply of glycine, as supplied by de novo syn- 
thesis or conversion from threonine, would be more efficient than an 
exogenous supply, since the latter may be lost by a side reaction such as 
oxidation. 

Histidine was by far the most efficient amino acid in the enhancement 
of AICA synthesis. Since the imidazole nuclei of histidine and purines 
have an independent origin (31), it is unlikely that histidine serves as a 
direct precursor of AICA. A probable explanation for the marked histidine 
effect might be formulated along the lines of a sparing action. Thus if a 
common substance (e.g., a common carbon unit for the ureide carbon of 
the imidazole rings) is required for both histidine and AICA formation, 
then supplementation with preformed histidine would make this substance 
more available for AICA synthesis. Such a substance might also be in the 
form of a pentose intermediate serving as a 5-carbon donor for both his- 
tidine (32) and the pentose derivatives of AICA. 

On the basis of its depressive action on the accumulation of AICA by 
E. coli cultures, methionine has been incriminated as a source of the carbon 
unit required for cyclization of AICA to yield purines (11, 12, 17). Since 


* Unpublished observations. 
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this could not be the case in the non-proliferating system studied here, 
which is also inhibited by methionine, it would be more likely that methi- 
onine suppresses accumulation by means of a direct inhibitory effect on 
the de novo synthesis of AICA. Similar mechanisms may be operating in 
the other inhibitory effects found. The mechanisms of these inhibitions 
remain obscure, but their demonstration serves to emphasize that the 
relief of an accumulated intermediate does not necessarily imply that the 
substance responsible for the relief is facilitating conversion of the product, 
It may be merely preventing its synthesis. 


SUMMARY 


By employing a purine-requiring mutant of Escherichia coli, the bio- 
synthesis of 4-amino-5-imidazolecarboxamide (AICA) by non-proliferating 
cell suspensions has been described. The carbon and energy requirements 
for this synthesis were best supplied by glucose, gluconate, L-arabinose, 
p-galactose, or glucose-l-phosphate. The rate of formation was directly 
paralle] with the rate of glucose utilization; aeration enhanced formation. 
The utilization of L-arabinose for AICA synthesis was adaptive. Nitrogen 
requirements could be supplied by inorganic ammonium salts, but more 
efficiently by casein hydrolysate. Serine, glutamic acid, and aspartic acid 
served as nitrogen donors; histidine, threonine, glycine, and aspartic acid 
were able to stimulate synthesis in the presence of an optimal supply of 
inorganic nitrogen. Methionine, a-aminobutyric acid, valine, and homo- 
serine were inhibitory. Varying degrees of inhibition were also obtained 
with formate, acetate, citrate, a-ketoglutarate, malate, and ascorbic acid. 
A series of imidazole and malonic acid derivatives was unable to contribute 
to the formation of AICA. 
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REVERSAL OF AUREOMYCIN INHIBITION OF BACTERIAL 
CELL-FREE NITRO REDUCTASE BY MANGANESE* 


By ARTHUR K. SAZ anv RITA B. SLIE 


(From the Section on Experimental Therapeutics, Laboratory of Infectious Diseases, 
National Microbiological Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, March 1, 1954) 


Previous publications from this laboratory (1, 2) showed that Aureo- 
mycin! in low concentrations inhibited the formation of the corresponding 
arylamines from chloramphenicol! and p-nitrobenzoic acid. The enzyme 
system which mediated these reductions was complex. A dicarboxylic 
acid (e.g. l-malic) served as the hydrogen donor and the hydrogen was 
transported via diphosphopyridine nucleotide. In addition, L-cysteine was 
essential. It was tentatively concluded that Aureomycin inhibition of the 
reaction sequence occurred prior to the formation of dihydrodiphospho- 
pyridine nucleotide. 

Van Meter and Oleson (3), working with preparations of liver mito- 
chondria, confirmed the report of Loomis (4) that Aureomycin inhibited 
oxidative phosphorylation. Van Meter et al. further showed that the ad- 
dition of magnesium ion reversed the inhibition of respiration by Aureo- 
mycin (5). Albert (6) has reported that Aureomycin and Terramycin 
chelate with various cations and Soncin (7) has recently reported that Mg** 
reverses the antibiotic activity of Aureomycin and Terramycin. 

It is the purpose of the present communication to report on additional 
experiments which indicate that Aureomycin inhibits nitro reduction by 
inhibiting the formation of reduced DPN from DPN? and I-malate. As 
measured spectrophotometrically, certain cations are essential for the for- 
mation of reduced DPN from DPN and I[-malate and are markedly stimula- 
tory for the formation of arylamine from chloramphenicol or p-nitrobenzoic 
acid. The experiments reported herein suggest that in this reduction 
Aureomycin inhibits by virtue of its ability to chelate or combine with 
cations. 


* A preliminary report has appeared (J. Am. Chem. Soc., 75, 4626 (1953)). 

!We wish to thank the Lederle Laboratories Division, American Cyanamid Com- 
pany, Pearl River, New York, for generous gifts of Aureomycin hydrochloride, and 
Parke, Davis and Company, Detroit, Michigan, for chloramphenicol. 

* The abbreviations used in this paper are DPN = diphosphopyridine nucleotide, 
DPNH = reduced diphosphopyridine nucleotide, and Tris = tris(hydroxymethy]l)- 
aminomethane. 
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Methods 


Escherichia coli (E-26) cells were grown, harvested, and extracted, and 
arylamine was determined, as previously described (2). The formation 
of reduced DPN was followed by absorption in the Beckman DU spectro. 
photometer at 340 mu. 


Results 
Replacement of |-Malate and DPN by Reduced DPN 


It seemed probable that the dicarboxylic acid and DPN were serving as 
a source of reduced DPN. DPNH would therefore be expected to replace 
the requirement of the complex for a dicarboxylic acid and DPN. The last 


TABLE I 
Reversal of Aureomycin Inhibition of Nitro Reductase by DPNH 








| Aureomycin concentration, y per ml. 
| 








| 
| 
| 





System DPNH concentration 45 | 22.5 | 9.0 | 4.5 0 
| | 
Arylamine formed 
‘en | «Ly per mat. by per aut. | y per ml. | per mnt. | + per ml. 
DPN + malate........| 18 | 1.7 | 39 | 49 8.8 
e+ - 1.2 X 10-3 | C2 } 7.2 S93 | €.7 8.4 
1.2 X 10°? 8.8 9.5 | 10.9 10.9 11.7 





Each tube contained 0.3 ml. of a Spinco centrifuge preparation of an extract 
dialyzed for 96 hours, 0.05 m Tris buffer, pH 7.5, 3 X 10~* m chloramphenicol, 1 X 
10-3 m Il-malate, 5 X 10-3 m L-cysteine, 2 X 10-5 mM DPN (where indicated), 1.2 x 
10-? m DPNH (where indicated), and water to a volume of 1.5 ml. Incubated aero- 
bically at 37° for 2 hours. 


column of Table I indicates that this was the case. In this experiment a 
sonic extract of E. coli was dialyzed against running tap water (15-18°) 
for 96 hours and then was centrifuged in the Spinco ultracentrifuge for 4 
hours at 144,000 < g. By this procedure, approximately 50 per cent of 
the total protein appeared in the pellet and was inactive with respect to 
arylamine formation. All the activity remained in the supernatant fluid. 


Reversal of Aureomycin Inhibition by Reduced DPN 


Previous experiments (2) had indicated that the locus of Aureomycin 
inhibition in the reductase system was probably prior to the formation of 
reduced DPN. If such were the case, it would be expected that (1) little 
Aureomycin inhibition of arylamine formation would occur if reduced DPN 
were used in lieu of DPN and I-malate, and that (2) reduced DPN would 
reverse Aureomycin inhibition in a system containing DPN and /-malate. 
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Table I indicates the results of an experiment designed to test the validity 
of these hypotheses. In the experimental tubes containing DPN and [- 
malate, the usual degree of inhibition by Aureomycin is seen. In tubes 
containing DPNH as a replacement for DPN and /-malate, it is evident 
that inhibition by Aureomycin is slight. Further, in vessels containing 
DPN and /-malate, the inhibitory activity of Aureomycin is reversed by 
the addition of reduced DPN. It can therefore be concluded that, in the 
present system, Aureomycin interferes with the formation of reduced DPN. 




















oy a a ae ee T } 
90} j 
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VW S i2b / 
70} - ig 
” fl QO 10 | 
t WW 
2 60} A : 
fa) 50} aw oO 8 a al 
° i 7 + 
4 40 Fd 6 
4 +4 = 
30) a «4 rf 4 
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20+ s : te al. | 
10} / No Mn* 1 & 
o¥ Pd a re) = ! ! i 
0 2 4 6 8 10 e) 10-4 1075 1072 107! 
TIME IN MINUTES Mn*t* CONCENTRATION (MOLAR) 
Fia. 1 Fig. 2 


Fic. 1. Precipitate of 40 to 65 per cent (NH,)2SO, saturation resuspended in 0.5 
volume of HO and dialyzed overnight versus running tap water. Experimental 
tubes contained 0.05 ml. of fraction, 0.05 m Tris buffer, pH 7.5, 1 X 10-3 m J-malate, 
2X 10-* m DPN, and MnCl., where indicated, in a total volume of 3 ml. Read in 
Beckman DU spectrophotometer at 340 mug. 

Fig, 2. Each tube contained 0.3 ml. of Versene-treated extract (see the text), 0.05 
Tris buffer, pH 7.5, 3 X 10-4 m chloramphenicol, 1 X 10-* m l-malate, 2 X 10-5 m 
DPN, 5 X 10-* m L-cysteine, MnCl; at indicated concentrations, and water to a total 
volume of 1.5 ml. Incubated aerobically at 37° for 2 hours. 


Need of Nitro Reductase Complex for Cations 


Preliminary investigation had indicated that in addition to DPN and 
lmalate another factor present in boiled bacterial extracts was essential 
for the formation of DPNH. This factor was replaceable by certain ca- 
tions. Fig. 1 illustrates the need of the system for added Mn*+*. No 
significant net reduction of DPN ever occurred in the absence of added 
cation unless the malate concentration was increased 20- to 100-fold. 

Fig. 2 shows that added Mn** is probably essential for arylamine forma- 
tion from chloramphenicol. Absolute need for Mn++ in the system has 
not been demonstrated, since a small endogenous formation of arylamine 
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has always occurred in the absence of added Mn*, perhaps because the 
enzyme preparations and substances added are contaminated with cations, 
The extract used in the experiment of Fig. 2 was prepared from a sonic ex. 
tract of E. coli which was incubated for 24 hours at 5° in the presence of 
0.07 m neutral tetrasodium Versene. The Versene-treated extract was 
then centrifuged and the supernatant solution was dialyzed at 5° for 48 
hours against frequent changes of distilled water. This procedure did not 
always give extracts with such marked dependence on added Mn*-, but 
Mn* was uniformly stimulatory in such preparations. Occasionally, simi- 
lar results were obtained without Versene treatment. 


TaBLe II 
Reversal of Aureomycin Inhibition of Nitro Reductase by Mn++ 











Arylamine formed, y per ml. 





e.; {Aureomycin concentration cei pict ciated —-- 
No Mnt** | 6 X 10-3 w Mn*+ 
+ per ml. eee oe | 7 . 
0 17.0 | 14.6 
9 4.0 | 10.8 
18 2.8 9.4 
45 1.7 8.3 
90 2.3 6.3 








The tubes were incubated at 37° for 120 minutes. Each tube contained (final 
concentration) 0.05 m Tris buffer, pH 7.5, 3 X 10-* m chloramphenicol, 1 X 10° x 
l-malate, 1 X 10-5 m DPN, 5 X 107 m L-cysteine, 0.30 ml. of dialyzed extract: in a 
final volume of 1.5 ml. 


Since addition of reduced DPN by-passed the locus of Aureomycin in- 
hibition, and since Mn** was essential both for the formation of reduced 
DPN and arylamine, it seemed possible that Aureomycin inhibited aryl- 
amine formation by virtue of its ability to combine with Mn*. If such 
were the case, it would be expected that excess Mn*+ would reverse the 
inhibitory activity of Aureomycin in the present system. From the data 
of Table II, it is evident that added Mn** does prevent Aureomycin inhibi- 
tion of arylamine formation, the reversal being almost complete at lower 
concentrations of Aureomycin. 

Similar results were observed with the fraction obtained by precipitating 
a dialyzed sonic extract at 40 to 65 per cent saturation with (NH,)SQ. 
Further, Aureomycin inhibition of arylamine formation by whole cells 
(5 per cent suspension) also was significantly reversed by Mn++. It would 
thus appear that, in the present system, Aureomycin is active because it 
combines with cations, possibly Mn**, and that the inhibition can be re- 
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yersed by addition of excess Mn++. It is of interest in this connection that 
both citrate and tetrasodium Versene inhibited arylamine formation. 


DISCUSSION 


The experiments reported in the present paper do not prove that the 
antibiotic activity of Aureomycin rests on its ability to chelate or combine 
with cations. Nevertheless, it is of some significance that inhibition of 
arylamine formation by Aureomycin is reversed in whole cells as well as 
in extracts by the addition of excess Mn**. Furthermore, the recent ob- 
servations of Soncin (7) that the antibiotic activity of Aureomycin is pre- 
vented by cation addition emphasizes the possibility that the antibiotic 
activity of Aureomycin may be due to its ability to derange cellular me- 
tabolism by combining with the inorganic cations of the sensitive cell. 
In Soncin’s investigation, up to 50,000 times more Mn** than Aureomycin 
was needed to reverse Aureomycin activity. In the present investigation 
the inhibition caused by Aureomycin was reversed by Mn++ at a molar 
ratio of 1:30. 

The réle of Mn** in the present system is of some interest. Various 
considerations indicate that DPNH is formed from DPN and /-malate 
through the action of malic dehydrogenase. This dehydrogenase report- 
edly has no requirement for cation activation. In addition, the equilib- 
rium of the reaction lies far in the direction of oxidized DPN. Since the 
extracts used herein also possessed oxalacetate decarboxylase activity, and 
since this decarboxylase is activated by Mn**, a possible function of the 
cation in the present experiments is to stimulate enzymatic removal of 
oxalacetate, thus shifting the equilibrium of malic dehydrogenase toward 
the formation of DPNH. 

If it is assumed that Aureomycin is active because of its chelating capac- 
ity, one might expect all cells to be sensitive to the antibiotic, since all 
cells have a need for cations. Several hypotheses may be considered. 
Aureomycin may be active only in those organisms in which certain es- 
sential enzymes are cation-activated. Even under these circumstances, 
however, if the cation were firmly bound to the essential enzyme, Aureo- 
mycin might be expected to have no or limited effect. Just such a situa- 
tion has been shown to occur in the inhibition of transamination by desoxy- 
pyridoxine phosphate. Here, the inhibitor is active only in those instances 
in which pyridoxal phosphate is easily dissociable from the apotrans- 
aminase; in those instances in which the coenzyme is firmly bound to the 
protein, the inhibitor has considerably less activity (8). 

Secondly, it is possible that cells may be able to metabolize Aureomycin 
to a non-chelating structure and that resistant cells degrade Aureomycin 
more rapidly than normally sensitive bacteria. 
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Finally, it is possible that resistant cells are relatively impermeable to 
Aureomycin. These possibilities are under present investigation. 


SUMMARY 


1. DPNH can replace DPN and /-malate in the reduction of chloram- 
phenicol to the corresponding arylamine mediated by cell-free extracts of 
Escherichia colt. 

2. When DPNH replaces DPN and /-malate, Aureomycin no longer is 
inhibitory and DPNH can reverse the inhibitory activity of Aureomycin in 
the present system. 

3. Mn* is necessary for the formation of both DPNH and arylamine 
and added Mn* reverses the inhibition of arylamine formation from chlor- 
amphenicol. 

4. The implications of these findings with respect to the antibiotic ac- 
tivity of Aureomycin are discussed. 
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A STUDY OF THE OXIDATION OF FORMIC ACID IN THE 
FOLIC ACID-DEFICIENT RAT* 


By BERNICE FRIEDMANN, HENRY I. NAKADA,f anp 
SIDNEY WEINHOUSE 
(From the Lankenau Hospital Research Institute and The Institute for Cancer Research, 
Philadelphia, Pennsylvania) 


(Received for publication, March 10, 1954) 


In a previous study (1) it was found that the magnitude of oxidation of 
formate by rat tissues in vitro paralleled their catalase activity. Considered 
in the light of reports by Chance (2, 3) that formic acid is oxidized by hy- 
drogen peroxide in the presence of catalase, this finding suggested that a 
peroxidative action of catalase might represent an important, if not the 
only, physiological mechanism of formate oxidation in animals. Of added 
interest is the participation of folic acid in many transformations of formate 
(4), including its oxidation to CO, (5). The involvement of both folic acid 
and catalase in formate oxidation thus suggests that there may be a meta- 
bolic relationship between these two factors. It was anticipated that such 
a relationship, if it exists, might be of particular significance in neoplastic 
tissues, which are low in catalase activity (6) and some of which are highly 
sensitive to folic acid antagonists (7).1_ The present study was undertaken 
to explore further the effect of folic acid deficiency on the oxidation of 
formate in the rat. The results disclosed a marked impairment in formate 
oxidation in folic acid deficiency, demonstrable in intact animals and in 
tissue homogenates. 


EXPERIMENTAL 


In a previous study (8) it was found that, when C'*-labeled sodium for- 
mate was administered intraperitoneally in a dose of approximately 2 mm 
in normal, fasted adult rats, it was in part oxidized and excreted as respira- 
tory CO. and in part excreted as such in the urine. The patterns of oxida- 
tion and excretion were sufficiently consistent in repeated experiments to 
give confidence that any appreciable difference in oxidation of formate by 


* Aided by grants from the Atomic Energy Commission, contract No. AT (30-1)777, 
the National Cancer Institute, Department of Health, Education, and Welfare, and 
the American Cancer Society, recommended by the Committee on Growth of the 
National Research Council. 

+ Present address, Scripps Metabolic Clinic, La Jolla, California. 

1Data on formate oxidation in tumor-bearing animals and in tissues therefrom 
will be reported separately. 
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folic acid-deficient rats would be detectable by this procedure. Accord- 
ingly, this method was adopted in the present study. 

C™-Labeled sodium formate was obtained from Tracerlab, Inc., on allo- 
cation by the Atomic Energy Commission. Before being used, it was 
diluted to such an extent that the specific activity of its carbon, when con- 
verted to barium carbonate, was in the range of 15,000 to 80,000 c.p.m. 
when assayed as an “infinitely” thick layer 7.5 sq. cm. in area. All samples 
were counted in this manner, and the activities recorded in counts per 
minute per dish. The relative specific activity equals the activity of the 
product times 100 divided by the activity of administered formate, and 
thus represents the percentage of labeled formate carbon making up the 
total respiratory CO. or the excreted formate. The total activities ad- 
ministered or recovered equal the observed activity times millimoles of 
carbon, and the percentage of the administered formate appearing in each 
product equals the total activity of product times 100 divided by the total 
activity administered. 

Diets—All the experiments were carried out with young male rats ob- 
tained from our stock colony. The “normal” diet consisted of Allied Mills 
rat checkers supplemented occasionally by carrots and greens. These 
normal animals were used in experiments when they were 2 to 4 months 
old. The folic acid-deficient diet was identical with that described by 
Franklin et al. (9), except for the addition of vitamin K, 5 mg. per kilo, and 
vitamin By, 30 y per kilo, and the omission of any folic acid antagonist. 
Rats were placed on this diet shortly after weaning, when they weighed 
about 50 gm. After about 6 weeks the deficient animals displayed the 
external symptoms of folic acid deficiency; roughened fur, red, encrusted 
nostrils, and diarrhea. Leucocyte counts on the blood of four randomly 
selected rats ranged from 5500 to 9000 per c.mm., as compared with values 
of 12,400, 14,600, and 17,300 for three normal animals. In general, the 
rats all gained weight moderately, weighing in the neighborhood of 200 
gm. after 3 months on the folic acid-deficient diet. At about this time 
deaths occurred occasionally among these animals. The “control’’ rats 
received the same diet, supplemented by 100 mg. of folic acid per kilo of 
food. These animals gained weight somewhat more rapidly than the defi- 
cient ones and did not show any external deficiency symptoms. The 
“supplemented” animals received the folic acid-supplemented “control” 
diet subsequent to periods on the deficient diet. 

After injection of the labeled sodium formate, the rat was placed in a 
metabolism apparatus, as previously described (10), and respiratory CO: 
and urine were collected during stated intervals, usually 6 hours. Though, 
as shown later, little difference was noted between fed and fasted animals, 
the practice of fasting for 24 hours was routinely followed to avoid compli- 
‘ations of exogenous metabolism. Since the procedure involved no per- 
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manent harm to the rats, each was used in several experiments. Data on 
deficient and subsequently supplemented diets were largely obtained on the 
same animals. 

Studies in Vitro—Homogenates were prepared by the Potter-Elvehjem 
procedure (11) with 6 volumes of an isotonic KCl solution 0.005 m in Mg 
jons and 0.0125 m in phosphate buffer, pH 7.4. After dilution with buffer 
solution to a 1:10 concentration, 1.5 ml. of the tissue suspension were added 
to Warburg vessels containing other factors to give 3.0 ml., final volume, 
with a C'-formate concentration of 0.01 m. Incubation was carried out 
for 1 hour at 38° with air as the gas phase, during which CO, was collected 
on alkali-soaked papers in the center well and isolated as barium carbonate 
with the addition of 0.5 mm sodium carbonate as a carrier. Assays of 
catalase activity were carried out on diluted aliquots of the homogenates 
by the iodometric titration procedure described by Sumner and Somers 
(12). Reaction velocities were measured at 0° at 3 minute intervals over 
12 to 15 minutes, and the monomolecular reaction rate constants calculated 
for each 3 minute interval and extrapolated to zero time. Each determina- 
tion was carried out in duplicate or triplicate, and the results are reported 
as Kat. f.. = K per gm. of tissue. Under these conditions crystalline 
catalase obtained from the Nutritional Biochemicals Corporation had a 
Kat. f. of 19,500. 


Results 


The behavior of intraperitoneally injected sodium formate in normal and 
folic acid-deficient rats is demonstrated in Table I. Both fed and fasted 
normal rats excreted approximately 51 mm of CO, during the 6 hours sub- 
sequent to the injection of the labeled formate, with similar relative specific 
activities ranging from 1.25 to 1.58 per cent (Column 6). Total recoveries 
of administered formate carbon in respiratory CO:, shown in Column 7, 
averaged 38.7 in the fasted rats, and were somewhat lower, 30.8 per cent, 
in the fed animals, probably owing to competition by exogenous food car- 
bon. As found previously (8), approximately one-half of the injected 
formate was excreted in the urine in 6 hours, with a relative specific activity 
of 80 per cent or higher. These high values indicate a relatively low dilu- 
tion by endogenous formate, amounting to about 0.2 mm. Rats on the 
control diet for periods ranging from 15 to 98 days displayed an oxidation 
and excretion pattern very similar to that of the normal rats. The folic 
acid-deficient rats were tested at varying intervals, ranging from 7 up to 
147 days on the deficient diet. Because external deficiency symptoms do 
not develop before about 6 weeks, data on animals tested up to 40 days on 
the folic acid-deficient diet are presented separately from those tested 
after longer periods on the diet. The rats averaging 21 days on the defi- 
cient diet excreted somewhat lower amounts of respiratory CO: than the 
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normal or control animals. This can probably be attributed to their 
smaller size. However, oxidation of formate was definitely impaired in 
this group, as indicated both by the low relative specific activity of the 
respiratory CO» and by the low recovery of formate therein. The differ- 
ences from the normal animals were more pronounced in those maintained 
on an average of 78 days on the deficient diet, although there was no im- 
pairment in total CO: production. The relative specific activity of the 
respiratory COs excreted by the deficient rats averaged about one-half 
that of the normal animals, as did the total recovery of formate carbon as 
respiratory COz. This marked difference in oxidation of injected formate 
is emphasized by the fact that the highest rate of formate oxidation ex- 
hibited by a deficient rat was substantially below that of any of the normal 
animals. That this effect is directly attributable to the folic acid deficiency 
was further demonstrated by the prompt response to folic acid supple- 
mentation. Ten rats averaging 120 days on the deficient diet, all of which 
showed an impaired formate oxidation, were given the control diet contain- 
ing adequate folic acid for periods of 2 up to 20 days immediately prior to 
testing. In every instance formate oxidation rose to the normal level. 
The prompt recovery of the ability to oxidize formate is well illustrated in 
the following examples. A single rat was tested after 7, 14, 29, 46, and 68 
days on the deficient diet. The respective recoveries of formate carbon in 
the CO. were 20.4, 19.6, 23.5, 17.9, and 20.7 per cent. After 127 days the 
deficient diet was supplemented with folic acid and experiments were run 
2,8, and 20 days afterward. Respective conversions of the formate to CO. 
were 29.7, 35.6, and 46.2. Another rat, after 98 and 108 days on the 
deficient diet, oxidized 17.0 and 15.6 per cent of the injected formate. On 
the 112th day, supplementation with folic acid was begun, and the rat was 
tested 2,7, and 14 days later. The respective conversions were 28.4, 26.7, 
and 28.7 per cent. 

The possibility was considered that the lower formate oxidation in the 
folic acid-deficient animals may not have been due to a lower oxidative 
capacity per se, but to differences in the ability to absorb and to excrete 
the injected material. The data on urinary excretion shown in Columns 
8,9, and 10 of Table I indicate that this was unlikely. There was little 
effect of dietary condition on the total formate excretion, which averaged 
close to 1 mM, or one-half of the amount administered. The average 
relative specific activities likewise were of similar magnitude under all 
conditions, ranging between 80 and 91 per cent, and the percentage of 
injected formate excreted as such in the urine also was of similar magni- 
tude under all the conditions studied, the averages ranging from 36 to 49 
per cent. 


As a somewhat better test of the possibility that formate might be ab- 
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sorbed or excreted at different rates in the folic acid-deficient rat, direct 
comparisons were made of formate excretion over a 24 hour period follow- 
ing its injection. From two such experiments shown in Table II, it ap- 
pears that formate excretion in deficient animals may be extended some- 
what beyond the range shown by control rats; however, considering the 
haphazard nature of urinary excretion, the results are reasonably uniform, 
In the control rats, as observed previously (8), 75 and 76 per cent of the 
total were excreted in 2 hours, whereas the deficient animals excreted 64 
and 57 per cent during this period. In 6 hours, however, in both control 
and deficient rats, excretion was over 85 per cent complete. Thus, the 
decreased formate oxidation in the folic acid-deficient rat does not appear 
to be due to a more rapid excretion of the injected material. The possi- 
bility that the oxidation of formate might have been delayed in the folic 


TaB.e II 


Urinary Excretion of Injected Labeled Formate in Control and Folic 
Acid-Deficient Rats 


The values are in | per cent of : administered forms ate. 


Urine collection 


Sopepnent Condition of rat siamese — — 
| 0-2 hrs. 2-4 hrs. | 4-6 hrs. | 6-42 hrs. jae 24 hrs.| Total 

1 | Control 29.3 | 0.3 | 7.2 | 1.1 | 0.9 | 38.8 
Folid acid-deficient | 44.7 12.2 6.0 | 6.5 0.5 69.9 

2 Control 24.2 6.0 1.5 31.7 
Folic acid-deficient 20.4 10.7 4.9 36.0 


acid-deficient rats due to slower absorption is rendered very unlikely by 
the similarity in oxidation pattern displayed by both types of rats. Ina 
typical comparison, shown graphically in Fig. 1, over 90 per cent of the 
total formate oxidation occurred in 6 hours in both the control and the 
deficient animal, and the fact that the relative specific activity curves reach 
their peak at the same time constitutes strong evidence for similarity in 
absorption rates. 

In the normal rats about 15 per cent of the administered formate and in 
the deficient rats about 30 per cent are unaccounted for as CO: or formate 
excreted in 6 hours. From the data thus far presented, it does not seem 
likely that an appreciable amount of this unaccounted for carbon is present 
as formate per se 6 hours after injection, since very little oxidation or ex- 
cretion was observed after 6 hours. It is therefore assumed that this un- 
accounted for formate has undergone various metabolic incorporation 
processes. However, investigation of these pathways was not undertaken 
in these experiments. 
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Studies in Vitro—Further evidence of a diminished capacity for formate 
oxidation in folic acid deficiency is available from studies in vitro shown in 
Table III. These were carried out with whole homogenates of tissues re- 
moved from rats maintained either on the control diet or on the deficient 
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Fic. 1. Rate of oxidation of intraperitoneally injected C-formate in a normal 
and a folic acid-deficient rat. The circles show the percentage of total injected 
radioactivity recovered as COz after the periods indicated; the values are indicated 
on the right ordinate. ©, control rat; @, folic acid-deficient rat. The triangles 
represent the relative specific activity of each CO: fraction; the values are indicated 
on the left ordinate. A, control; A, folic acid-deficient rat. 





de. 
24 


TaB_eE III 


Formate Oxidation and Catalase Activity in Whole Homogenates of Control and Folic 
Acid-Deficient Rats 
Values of formate oxidation are given in conversion capacity in microatoms of 
formate carbon converted to COz per hour per gm. of dry weight of tissue. Formate 
concentration = 0.01 m. Catalase activities are reported as Kat. f. = K per gm. 
dry weight tissue, where K = the monomolecular reaction rate constant obtained by 
extrapolating K to zero time. Assays were run at 0°. 


Normal rats Folic acid-deficient rats 
D = — 
c i= 
: = 2 
Tissue 3 3 
s\n . , . S|. , : 
aa Conversion capacity Kat. f. as Conversion capacity Kat. f. 
of cE 
»-v -e 
$3 33 


Liver...| 5 |56.6 (48.2-67.8)500 (425-556) 27.4 (9.6-45.0)|297 (160-528) 
Kidney.| 3 25.6 (22.7-28.5) 127.3 (86-190) 6 15.1 (7.6-31.5)| 98 (47.8-164) 
Heart ..| 3 | 6.53 (4.0- 8.2) 10.9 (6.2-13.4) | 6 | 2.2 (0.7-7.2)| 9.8 (5.2-15.0) 
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diet for periods ranging from 37 to 104 days, and averaging 82 days. The 
effect on formate oxidation was marked in all three tissues studied. Only 
one “deficient” liver (incidentally the one taken from the rat only 37 days 
on the diet) had a formate oxidation capacity as high as the lowest “con- 
trol” liver. The deficient group averaged about one-half that of the con- 
trol. The greatest effect in per cent was found in heart, in which the 
average of the six “deficient” tissues tested was one-third that of the con- 
trols. Indeed, if the one apparently least deficient rat is omitted from the 
calculation, the average would be only 1.25, which is about one-fifth of the 
average of the control heart homogenates. A less marked, though definite 
decrease was also observed in kidney. Here again, if the same least defi- 
cient rat is omitted from the calculation, the average would be 11.9, or less 
than half that of the control kidneys. Thus, with tissues from a single rat 
as an exception, none of the tissues of the deficient rats oxidized formate as 
rapidly as the least active of the corresponding control rat tissues. 

As observed previously (1), there was a correlation between the levels of 
formate oxidation and catalase activity in the control tissues. In accord 
with the suggestion that catalase is concerned with the physiological oxida- 
tion of formate, this enzyme was also lowered to about half of the normal 
values in the deficient liver. However, the catalase activity, which is 
relatively low in normal kidney and heart, was not changed appreciably 
in the corresponding deficient tissues. This result was not entirely un- 
expected, since it is conceivable that under certain circumstances catalase 
itself may not be the limiting factor in formate oxidation. One such factor 
may be the production of hydrogen peroxide by electron transport from 
endogenous substrates (1). The lowered catalase activity observed in the 
livers of folic acid-deficient rats is not in accord with findings of Williams 
et al. (13) in livers of folic acid-deficient chicks nor with the observation of 
Dinning et al. (14) in the Aminopterin-treated monkey. 

Though these studies in vitro leave still unanswered the question of a 
possible metabolic relationship between folic acid and catalase, they are 
regarded as constituting good grounds for the belief that the diminished 
formate oxidation in the intact folic acid-deficient rat is not due to deficient 
or delayed absorption of the administered formate, nor to its more rapid 
excretion, but is due to impairment in the mechanisms involved in formate 
oxidation. A possible explanation for this impairment of formate oxidation 
in folic acid deficiency may be offered in the light of the well known effect of 
this condition on hematopoiesis (4). Inasmuch as there is evidence point- 
ing to a deficiency of heme synthesis in rats in folic acid deficiency (5), it 
may be supposed that heme-containing enzymes such as catalase might 
also be depleted. However, no definite conclusions in this regard are 
warranted until it is learned whether the catalase-peroxide system is the 
only mechanism for formate oxidation in the rat. 
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SUMMARY 


When C™-labeled sodium formate is injected intraperitoneally in intact 
rats, a part is oxidized to CO, and a part is excreted as such in the urine. 
Rats rendered deficient in folic acid by exclusion of the vitamin from the 
diet oxidized injected formate to about half the extent displayed by rats on 
normal or folic acid-supplemented diets. Formate oxidation in deficient 
rats was brought to the normal level by subsequent supplementation of the 
diet with folic acid. Experiments indicated that this impairment of for- 
mate oxidation is not due to differences in rates of absorption or excretion 
of the injected substrate. 

Studies in vitro demonstrated a 2-fold or greater lowering from control 
levels of formate oxidation in heart, kidney, and liver homogenates pre- 
pared from folic acid-deficient rats. Liver catalase activity (but not that 
of heart and kidney) was also lowered in folic acid deficiency. 
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A STUDY OF FORMATE PRODUCTION IN NORMAL AND 
FOLIC ACID-DEFICIENT RATS* 


By SIDNEY WEINHOUSE ann BERNICE FRIEDMANN 


(From the Lankenau Hospital Research Institute and The Institute for Cancer Research, 
Philadelphia, Pennsylvania) 


(Received for publication, March 10, 1954) 


In a previous study the production of formate from glycine and related 
substances, from acetone, and from several labile methyl compounds was 
demonstrated in the intact rat, an isotope “trapping” procedure (1) having 
been used. A striking finding was the rapidity with which the methyl 
carbons of acetone, sarcosine, and methionine were oxidized to formate and 
carbon dioxide. Formate can also be utilized in a variety of metabolic 
transformations, including methyl group synthesis (2), and folic acid or an 
active derivative thereof has been implicated in the conversion of formate to 
methyl groups (3-5). It seemed probable, therefore, that a comparison 
of formate production from its various precursors in intact normal and 
folic acid-deficient rats might shed some light on the mechanism of formate 
formation and on the metabolic site of folic acid action. In the present 
study, results are reported of such a comparison of formate production from 
C-labeled glycine, choline, methionine, and sarcosine. Though the “trap- 
ping” procedure in vivo was originally regarded primarily as of only qualita- 
tive significance, a subsequent detailed study of formate oxidation by this 
method (6) revealed that the pattern of its oxidation and excretion was 
sufficiently consistent in normal and folic acid-deficient rats to allow detec- 
tion of gross quantitative differences in formate production from labeled 
precursors. 


EXPERIMENTAL 


Labeled Compounds—The methyl C-labeled choline was obtained from 
Dr. Warwick Sakami and the methyl-labeled methionine from Dr. J. A. 
Stekol, to whom we express our sincere thanks. Methyl-labeled sarcosine 
was prepared by Dr. H. I. Nakada, as described previously (1), and the 
2-C'-glycine was obtained from Tracerlab, Inc. All isotopic carbon was 
allocated by the United States Atomic Energy Commission. The isotopic 
substrates were diluted to such an extent that their specific activities 
ranged between about 10,000 and 50,000 c.p.m. According to our stand- 


* Aided by grants from the National Cancer Institute of the National Institutes of 
Health, United States Public Health Service, the United States Atomic Energy Com- 
mission, contract No. AT(30-1)777, and by an institutional grant from the American 
Cancer Society. 
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ard counting procedure, all activities are obtained as barium carbonate, 
spread in an “infinitely thick” layer on a planchet 7.5 sq. cm. in area, 
Total activities are calculated as specific activity times millimoles of carbon 
in substrate or product, and percentage conversions represent total ae- 
tivity of product times 100 divided by total activity of substrate. 

Procedure—In general, the formate trapping procedure was carried out 
as previously described (1); this consists in administering approximately 
0.2 to 0.5 mm of the labeled compound intraperitoneally, together with 2 
mm of unlabeled sodium formate. Urine and respiratory CO, were then 
collected for 6 hours. To minimize the effects of dietary carbon, all the 
animals were fasted 24 hours prior to use in an experiment. Since the 
procedure involved no permanent harm to the rats, each was used in more 
than one and sometimes in many experiments. In some instances, which 
are evident in Tables I to VI, deficient rats served as their own controls 
by supplementation with folic acid subsequent to periods on the deficient 
diet. The types of dietary employed were exactly as described in the 
preceding paper (6); a normal diet, a deficient diet, and a deficient diet 
supplemented with folic acid (control diet). 

Establishment of Identity of Excreted Formate—Trial experiments with all 
of the labeled substances employed in this study established that they did 
not give rise to formate under the conditions used for its isolation from 
urine and its conversion to CO». Since the procedure requires distillation 
and refluxing with mercuric ions, the possibility had to be considered that 
the formate may not have been excreted as such, but was produced during 
these. manipulations from an excreted precursor. This possibility was ex- 
cluded on the basis of the results of the following partition procedure. 

Rat 20, after 103 days on the deficient diet (Table II), was given 0.2 
mm of labeled choline together with 2.0 mm of sodium formate. The 
urine, collected during 6 hours, was divided into aliquots, one of which was 
treated directly by the standard procedure. The formate carbon had a 
total activity corresponding to 6.67 per cent of the choline administered. 
The second aliquot was treated as follows. It was made up to 10 ml. and 
acidified to pH 2 with sulfuric acid, then extracted with three successive 
25 ml. portions of ethyl ether. Each fraction was titrated with 0.01 
NaOH and oxidized to CO, with mercuric ions after addition of 1 mm of 
carrier formate. Under these conditions experiments with authentic for- 
mic acid gave a partition coefficient of 0.40; that is, 40 per cent was ex- 
tracted in the first extraction, 40 per cent of the remaining 60 per cent or 
24 per cent of the original quantity in the second extraction, and 40 per 
cent of the residual 36 per cent, or 14 per cent, in the third extraction. 
These are the calculated values given in Column 4, Table I, along with the 
observed values in Column 3. The fact that both the titration and the 
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radioactivity measurements gave partition values agreeing closely with 
those obtained with authentic formate indicated that essentially all of the 
radioactive formate must have been excreted as such. 

Conversion of Choline Methyl Carbon to Formate and CO.—In the previous 
study (1) the methyl carbons of acetone, methionine, and sarcosine were 
found to be readily converted to formate and COs in the intact rat. The 
present study shows that this property is shared by the choline methyl 
group, though the magnitude of formate production in normal rats from 
this source was considerably less than from the other substances, ranging 
between 1 and 2 per cent of the administered choline (Table II).! A most 
remarkable increase in the amount of choline carbon excreted as formate 
was observed in the folic acid-deficient rats. In twelve experiments the 
average excretion was 13 per cent, with the lowest value, 5.8 per cent, al- 
most 3 times higher than the highest normal value. The close relationship 
TABLE I 


Partition of Excreted Formate 


Per cent of total formate extracted as determined by 
Extract Observed values for 
No. pure formate 
Titration Radioactivity 


(1) (2) (3) (4) 
per cent : 
1 37.0 39 40 
2 22.8 26 24 
3 


13.2 12 14 


of the elevated formate excretion to folic acid deficiency was further 
demonstrated by the drop to essentially normal excretion values following 
supplementation of the deficient diet with folic acid.? 


1In some of the experiments with normal rats, glycine or homocysteine was also 
administered, with the expectation that the presence of large quantities of these 
methyl group acceptors might influence the rate of methyl group oxidation by stimu- 
lating another metabolic route. However, no pronounced effects were observed and 
further experiments of this type were discontinued. 

*In addition to the higher yield of formate in the urine of folic acid-deficient 
animals, there was also observed a much higher excretion of choline methyl carbon 
in other forms. In one comparison, for example, residual activity after steam dis- 
tillation of the urine amounted to 42 per cent of the total injected activity in the folic 
acid-deficient rat, but only 9 per cent in the control. In a second comparison the 
respective values were 34 and 9 per cent. Choline, isolated as the reineckate, ac- 
counted for only about one-third of the non-formate activity excreted by the folic 
acid-deficient rat, whereas it accounted for over two-thirds of the relatively low non- 
formate activity excreted by the control rat. To gain a better idea of the composi- 
tion of these choline methyl metabolites in the urine of folic acid-deficient rats, urine 
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Oxidation of the choline methyl group to CO: has been observed by 
others (3, 7-9), and the present results confirm these findings. However, 
no marked effect of folic acid deficiency on this process was observed, 
Although the deficient animals appeared to excrete somewhat less choline 
methyl as CO: than did the normal animals, any conclusion is rendered 
uncertain by the wide variations and the considerable overlapping of values, 
In both control and deficient animals the relative specific activity of the 
CO: reached its maximum between 1 and 4 hours, and dropped very rapidly 
thereafter. This similarity in oxidation pattern suggests that the rapid 
conversion of the choline methyl to formate is probably not due to ab- 
normalities in absorption or excretion of choline. 

Oxidation of Methionine Methyl to Formate and CO.—Effects of folic acid 
deficiency on the excretion of methionine methyl groups as formate were no 
less marked than those observed with choline (Table III). Comparisons 
with normal rats showed that excretion as formate was increased 3- to 
10-fold in the folic acid-deficient animals. As with choline, however, no 
marked differences were observed in CO, production. A noteworthy ob- 
servation was the large proportion of methionine methyl carbon which 
is oxidized to formate and CO, in folic acid deficiency; in two experiments 
90 per cent of the administered labeled carbon was oxidized to these two 
products in the experimental period. 

Oxidation of Sarcosine Methyl to Formate and CO.—Though the folic 
acid-deficient rats did not display the large percentage increases in formate 
excretion from the methyl carbon of sarcosine that they did from the 
methyls of methionine and choline, nevertheless the same general behavior 
was observed (Table IV). Recoveries of the sarcosine methyl group as 
formate were 2 to 4 times higher in the deficient than in the normal or 
control animals. Again, these changes were not accompanied by differ- 
ences in order of magnitude of CO: production, though recoveries of labeled 
COz2 were generally lower in the deficient animals. 

Oxidation of Glycine a-Carbon to Formate and CO.—In view of the en- 
hanced excretion of methyl group carbon as formate in folic acid-deficient 
rats, it was interesting to note an opposite effect with the glycine a-carbon, 





obtained in one experiment was separated into aliquots, and a number of substances 
was isolated therefrom by the addition of carriers. Of the total radioactivity in- 
jected as choline methyl carbon, 45.1 per cent was excreted in the urine in 6 hours. 
The following products were isolated in the indicated radiochemical yields; formate 
17.6, choline 15.4, betaine (as the picrate) 2.2, trimethylamine (as the picrate) 5.4, 
creatinine (as the picrate) 0.3, and formaldehyde (as dimedon) 0.13 per cent. These 
products account for over 40 per cent of the total choline injected and about 90 per 
cent of the total activity excreted in the urine. The enhanced excretion of choline 
and its metabolites in the folic acid-deficient rat is probably a consequence of its 
reduced uptake into other compounds. 
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which in the normal, intact rat is also a formate precursor, though not as 
efficient as the methyl group in this respect (1). The excretion of glycine 
a-carbon as formate in the deficient rats was on the average less than half 


TaBLe II 


Conversion of Choline Methyl Carbon to Formate and COz by Normal, Control, and 
Folic Acid-Deficient Rats 


Each animal was given 2 mo of unlabeled sodium formate and approximately 0.2 
ma of labeled choline. 





Per cent of 
| administered 
} choline 
Rat No. Type of diet Diet Weight | converted to 
| 
| Formate CO 
_ days gm. 
| Normal | 129 | 1.66 | 14.6 
| 139 | 2.01 15.5 
130 | 2.12 23 .0* 
| - 178 0.77 9.1f 
“4 157 | 1.93 17.7} 
21 | Deficient 53 125 | 12.0 8.8 
16 | . 68 157 12.9 | 13.8 
17 | . | 68 179 8.8 15.7 
40 " 71 160 9.0 | 6.4 
42 ai 71 200 6.9 7.2 
15 ie 77 150 25.8 14.8 
16 as 82 142 13.3 8.6 
20 sis 96 205 5.8 6.6 
20 ” 103 | 215 6.7 9.1 
3 " 100 179 | 22.2 10.5 
3 - 145 224 | 24.4 20.5 
1 oP 258 320 12.2 13.8 
20 “ (supplemented)§ 136 205 1.62 5.5 
20 “s = } 149 216 1.32 5.6 
40 " = q 94 168 2.7 12.8 
42 ” ” q 94 202 2.3 10.0 


*20 mg. of homocysteine thiolactone given simultaneously. 
+ 2 mo of glycine given simultaneously. 

{100 mg. of homocysteine thiolactone given simultaneously. 
§ Refed on control diet for 15 days. 

|| Refed on control diet for 28 days. 

{ Refed on control diet for 19 days. 


that of the normal or control animals (Table V). The highest conversion 
in the deficient group was 0.6 per cent, whereas only one normal animal 
gave a conversion value as low as 0.7 per cent. Again, in contrast with 
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methyl] carbon, oxidation of the glycine a-carbon to CO2 was, on the aver. 
age, about one-third as high in the deficient as in the adequately fed rats, 
though in these experiments also considerable variation in CO. production 


was observed. Despite these variations, however, the COs excretion 


TaB_e III 
Conversion of Methionine Methyl Carbon to Formate and COz in Normal and Foli 
Acid-Deficient Rats 
Each rat was given approximately 0.25 mm of labeled methionine and 2 mm of 
unlabeled formate. 


Per cent of methionine 
methyl converted to 


Rat No. Type of diet Diet Weight 
Formate CO: 
days gm. . 

Normal 145 7.21 27.6 

i 149 6.00 70* 
ve 167 7.20 19.6 

3 Deficient 113 201 49.3 28.1 
l = 162 276 19.3 11.6 
15 89 158 61.1 37.6 
16 89 138 68.9 20.9 
21 62 143 31.0 33.0 
23 Control 62 165 9.2 30.8 


* Only 0.06 mM of methionine was administered in this experiment. 


TABLE IV 
Conversion of Sarcosine Methyl Carbon to Formate and COs in Normal and Folic 
Acid-Deficient Rats 


Approximately 0.2 mM of sarcosine was administered. 


Per cent of sarcosine 
converted to 


Rat No Type of diet Diet Weight 

Formate CO» 
days gm 

Normal 167 9.88 45.0 
= 125 10.0 43.6 
~ 155 13.4 36.8 
454 151 16.6 32.6 
3 Deficient 87 181 35.0 16.3 
1 7” 156 259 25.0 31.0 
15 ” 95 156 27.0 25.1 
16 a 95 156 25.3 24.1 
21 71 162 39.8 32.5 
23 Control 71 188 8.7 53.6 
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ver. TABLE V 
rats, Conversion of Glycine a-Carbon to Formate and COzin Normal and Folic 
tion Acid-Deficient Rats 
tion Approximately 0.45 mm of glycine was administered. 
Per cent of 
| } administered a-carbon 
Fe Rat No. Type of diet | Diet | Weight | converted to 
Ou | ——_ = 
| | 
| | Formate CO: 
1M of = | ntti | a —_—|— oo | — 
Normal | | 165 | 0.68 | 26.2 
ee | 140 | 0.91 | 32.2 
. 193 | 0.92 | 25.6 
" 160 | 27.6 
23 Control 84 205 1.00 | 34.7 
7 1 Deficient 87 | 200 0.41 12.3 
‘ 3 “ 162 | 162 | 0.59 | 8.5 
21 ” 84 183 | 0.40 8.7 
, 26 sg 73 170 0.15 15.7 
40 " 66 154 0.23 13.3 
, 42 ™ 66 182 | 0.35 9.2 
A 40 - (supplemented) * 102 203 1.63 | 25.1 
, 42 ™ ’ 102 253 | 1.12 24.9 
| 
0 PES Ama ee ee ges 
‘ * Refed on control diet for 26 days. 
40F 
> 
= - © NORMAL 
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curves over the 6 hour experimental period shown in Fig. 1 definitely show 
a markedly diminished rate of oxidation of the glycine a-carbon in the folic 
acid-deficient rats. 

Other Substances—In addition to the substrates already discussed, spo- 
radic experiments were conducted with various other labeled substances, 
These are grouped together in Table VI. Attention was focused particu. 
larly on methyl-labeled acetone because of the marked effects of folic acid 
deficiency on the oxidation of the other methyl groups. Considerable 


TaBLe VI 
Conversion of Various Labeled Substances to Formate and COz in Folic 
Acid-Deficient Rats 


Per cent of 


administered 

Substrate | Label rey Rat No.) Type of diet Diet Weight casuals 
Formate! CQ; 

} mM days gm. " 

Acetone...... i Methyl 0.32 | Normal 142 | 2.28 | 13.3 
igre - | 0.16 _ 141 | 1.33 | 26.8 

° tess | #55 | 0.79 | s6 180 | 0.43} 7.2 

PP caancnits * | 0.16 | 16 | Deficient | 109 167 | 5.47 | 18.3 

” eta = 0.16 | 31 Control 52 | 180 | 7.96 | 39.0 

er eT - 0.34 | 24 | Deficient 76 177 1.74 | 9.8 
Glyoxylie acid.| a-COOH | 0.27 Normal 180 | 1.18 | 17.4 
" wae " 0.20; 3 | Deficient | 165 205 | 0.81 | 21.0 
Acetic acid....| CH; /0.43 | 29 | Control 41 185 1.17 | 80.3 
ee 0.43 | 20 | Deficient 50 | 140 | 0.77 | 98.2 

ox PF Lats - 0.20 | Normal 163 | 0.47 | 63.1 
Glucose. .. o 0.21 | ” 146 | 0.10 | 50.9 


“ec 


.58 20 | Deficient §2 173 1.19 | 83.4 
o 0.58 | 29 Control 53 200 0.80 | 65.7 


“ec 


q 
—) 





variation was found in conversion to both formate and COs, which may 
have obscured any differences between the normal and deficient animals. 
It appeared on the whole, however, that no differences could be attributed 
specifically to folic acid deficiency. The same conclusions were drawn with 
respect to the other substrates tested in Table VI, but the data are too 
sparse for any decisive generalizations. In contrast with our previous 
study (1) these experiments indicate that conversion of acetate and glu- 
cose carbon to formate is not inappreciable. Though the percentage con- 
versions were low, considering the quantitative importance of their metab- 
olism, they can represent a large proportion of the total metabolic formate 
production. 
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DISCUSSION 


The preceding study (6) has demonstrated that, aside from a decreased 
ability to oxidize formate, the folic acid-deficient rat displays little, if any, 
difference from the normal rat in rates of absorption, penetration into tis- 
sues, and excretion of the “trapping” agent. The present study indicates 
little likelihood of marked differences in these properties with respect to the 
labeled substrates. On these grounds the increased excretion of “labile 
methyl” carbon as formate in the urine of folic acid-deficient rats is be- 
lieved to be due at least in part to an enhanced formate production. A 
lowered rate of oxidation of formate to CO: in folic acid deficiency now 
seems well established (6, 10), and it is conceivable that some of the in- 
creased excretion is due to a diminished capacity for carrying out this final 
step in the catabolism of the methyl group. From the nature of the trap- 
ping experiments, however, this factor probably does not play an important 
part in the present observations. 

There is abundant evidence of an impaired formate utilization in folic 
acid deficiency for a variety of metabolic transformations, including con- 
version to serine (10-12), methyl groups (3-5, 13), cystine (3), and purines 
(14-19), and it would therefore seem reasonable to attribute the present 
results to a block in various channels of metabolism of the methyl group or 
certain of its metabolites. It is conceivable that conversion to formate 
per se may represent an alternate metabolic pathway for the methyl group, 
coming into play when its normal routes are blocked. 

The presence of a formyl group in the Leuconostoc citrovorum factor has 
provoked consideration of its possible réle in formate transfer (2, 20), and 
Woods (21) and more recently Buchanan and Schulman (14) have at- 
tributed transformylating coenzyme activity to the citrovorum factor. 
There are thus grounds for the assumption that the transfer of formyl 
groups to and from formylated intermediates (for example, formylhomo- 
cysteine (22, 23)) requires participation of a folic acid derivative. In the 
normal rat, formyl groups arising from methyl carbon would be oxidized to 
CO2, or transferred to formate acceptors by folic acid-dependent processes, 
whereas in the deficient animal it may not be unreasonable to assume that 
the blocking of the folic acid-dependent paths would lead to a purely 
hydrolytic breakdown of the formylated derivative to yield free formic 
acid. According to this formulation, formate per se would be a side re- 
action product of the metabolism of methyl groups, being formed in quan- 
tity only when other utilization pathways are blocked by lack of the 
transferring agent. The further speculation may be warranted that im- 
pairments in transmethylation attributable to folic acid deficiency may be 
due simply to “bleeding off” of methyl groups as formate (cf. Fatterpaker 
et al. (24)). 
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The decreased oxidation of the glycine a-carbon to CO, in folic acid 
deficiency can probably be attributed in part at least to the already dis. 
cussed lowering of formate oxidation in this condition; as yet, however, no 
reasonable explanation can be offered to account for the lowered formate 
production from glycine. The findings are in accord with other studies in 
which various disturbances in glycine metabolism in folic acid deficiency 
have been observed or implied (3, 4, 9, 25, 26). It is now established that 
one source of formate from glycine is the a-carbon of glyoxylate which arises 
by transamination (27), but it is difficult to visualize a réle of folic acid in 
these transformations. It is hoped that studies in vitro of glycine and 
choline oxidation now in progress will aid in clarifying the action of folic 
acid thereon. 


SUMMARY 


Normal and folic acid-deficient rats were given tracer doses of C''-labeled 
formate precursors, together with a pool of unlabeled carrier sodium for- 
mate, and respiratory CO: and urinary excreted formate were collected and 
assayed for radioactivity. Folic acid-deficient rats displayed a higher rate 
of formate production from the methyl groups of methionine, choline, and 
sarcosine, and a lower rate from the a-carbon of glycine, than did rats on 
diets supplemented with folic acid. Oxidation of the methyl groups to CO, 
was the same or slightly lower in the deficient animals, but oxidation of the 
glycine a-carbon to CO. was markedly inhibited. 
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METABOLISM OF CARDIAC MUSCLE 
VIII. PYRIDOXINE DEFICIENCY* 


By MYRON BRIN,{t ROBERT E. OLSON,t{ anv F. J. STARE 


(From the Department of Nutrition, Harvard School of Public Health, and the 
Department of Biological Chemistry, Harvard Medical School, Boston, 
Massachusetts) 


(Received for publication, January 20, 1954) 


This laboratory has in the past few years employed various techniques 
to evaluate the metabolism of cardiac muscle (1-5) and to study the effects 
of dietary restriction of vitamins of the B complex upon the metabolism 
of myocardium in ducks and rats. Specific effects have been reported in 
deficiencies of thiamine (6), biotin (7), pantothenic acid (8-11), niacin (12), 
and folic acid (13). The present study deals with the effects of pyridoxine 
deficiency upon respiration, pyruvate and lactate utilization, and the ac- 
tivity of two transaminase systems in duck heart ventricle. A preliminary 
report of this investigation has appeared (14). 


EXPERIMENTAL 


White Pekin ducks were obtained from the hatchery when 1 day old, 
placed in heated wire bottom cages, and fed a purified ration (4) until they 
attained a weight of 170 to 180 gm. At this time the control ration was 
withdrawn from the experimental groups and a pyridoxine-free diet, other- 
wise identical with it, substituted. The experimental ducks were fed ad 
libitum, and the control ducks were pair-fed the control ration to minimize 
differences in caloric intake. Birds were taken for metabolic study when 
the deficient ones showed a significant anemia; 7.e., 40 per cent or more 
depression in hemoglobin from normal (15). 

The techniques employed for the tissue slice studies in the Warburg 


* Supported in part by grants-in-aid from the Life Insurance Medical Research 
Fund, the J. M. Kaplan Fund, and the Nutrition Foundation, Inc., New York. 

t This work was in part accomplished during the tenure of a fellowship of the Life 
Insurance Medical Research Fund, 1950-51. Part of the data is from a thesis sub- 
mitted to the Faculty of the Graduate School of Arts and Sciences, Harvard Univer- 
sity, in partial fulfilment of requirements for the degree of Doctor of Philosophy. 
Present address, Thorndike Memorial Laboratory, Boston City Hospital, Boston, 
Massachusetts. 

t During the time this research was in progress this author was an Established In- 
vestigator of the American Heart Association, New York. Present address, Depart 
ment of Biochemistry and Nutrition, Graduate School of Public Health, University 
of Pittsburgh, Pittsburgh, Pennsylvania. 
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vessel have been described previously by Olson et al. (7). The composi- 
tion of the phosphate buffer was NaCl 0.115 m, KCl 0.004 m, MgCl, 0.005 
M, and NasHPO -NaH2PO, 0.020 m. The substrates, t(+)-lactate and 
pyruvate, were added initially to the main chamber at a concentration of 
5 mm per liter. 1L(+)-Lactate, rather than the racemic mixture, was used 
in these studies because previous studies by Brin et al. (4) demonstrated 
that the dextrorotatory form of lactic acid was the preferred substrate in 
duck and rat tissues. The L(+) isomer was prepared by the microbio- 
logical method of Brin et al. (16). Pyruvie acid was used as the sodium 
salt prepared from the freshly distilled acid. Lactic acid was determined 
chemically by the method of Barker and Summerson (17) and pyruvate by 
the method of Friedemann and Haugen (18). 

The transaminase studies were made on homogenates of duck ventricle, 
1 part of chilled tissue was homogenized with 9 parts of cold phosphate 
buffer, pH 7.4, in a chilled parallel walled glass homogenizer. 

The substrates for the transaminase assays were L(+)-glutamic acid, 
L(—)-aspartic acid, a-ketoglutaric acid, and sodium pyruvate. These were 
dissolved in phosphate buffer, pH 7.4, and adjusted to a concentration of 
0.30 m, 0.40 m, 0.20 m, and 0.45 M, respectively. The solutions were stored 
in the deep freeze until used. Boiled liver juice was prepared by homogen- 
izing 2 parts of normal duck liver with 8 parts of phosphate buffer, pH 7.4, 
steaming the suspension for 5 minutes, and removing the coagulated protein 
by centrifugation. Synthetic pyridoxal phosphate was obtained through 
the courtesy of Dr. W. W. Umbreit. The hydrochlorides of pyridoxal, 
pyridoxamine, and pyridoxine were neutralized to pH 7.4 in phosphate 
buffer, and the solutions were stored in the deep freeze. 

All data are expressed in terms of the metabolic quotient, Q, which refers 
to the microliters of substrate utilized or produced in 1 hour by 1 mg. of 
dry tissue. 

The glutamic-aspartic transaminase was assayed by the determination 
of residual oxalacetate after incubating the homogenized tissue with a-ke- 
toglutarate and aspartate. The main chamber of a double side arm War- 
burg vessel was set up with 2.2 ml. of phosphate buffer, pH 7.4. One side 
arm contained 0.2 ml. of a-ketoglutarate and 0.2 ml. of aspartate. The 
other side arm contained 0.2 ml. of 50 per cent citric acid, and 0.2 ml. of 
freshly distilled aniline was placed in the center well. An aliquot of ho- 
mogenized tissue, 0.2 ml., was then added to the main chamber, the flask 
was attached to the manometer, and the unit was incubated at 37° for 5 
minutes under air before the substrates were tipped in. After a 10 minute 
reaction period the units were transferred to another bath at 4°, in order 
to stop the reaction and cool the system for the decarboxylation procedure. 
Citric acid was then tipped into the main chamber to volatilize respiratory 
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and other carbon dioxide without decomposing the oxalacetic acid which 
was formed in the transamination reaction (19). The CO, evolution was 
complete in 15 minutes, as shown in Fig. 1. After 20 minutes the aniline 
was tipped in, and the decarboxylation of the oxalacetic acid occurred. 
The latter volume of gas was computed as Qoxalacetate and served as an 
index of glutamic-aspartic transaminase activity in the different experi- 
ments. When supplements were added, they replaced an equal volume of 
buffer in the main chamber and were incubated with the homogenate an 
additional 10 minutes at 37° before adding the substrates. 


220 
200 
180 
160 
140 
120 
100 
80 
60 
40 


20 -— + ANILINE 
+CITRIC ACID 
O 20 40 60 80 100120 140160 I80 
MINUTES 
Fic. 1. The estimation of oxalacetic acid in the assay of glutamic-aspartic trans- 
aminase. 
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The glutamic-alanine enzyme was assayed by estimating the alanine 
formed upon incubating homogenized tissue with pyruvate and 1L(+)- 
glutamate in air for 20 minutes at 37°, pH 7.4. A series of 20 ml. beakers 
was set up containing 0.4 ml. of 0.45 m sodium pyruvate, 0.4 ml. of 0.30 
msodium glutamate, and 2.0 ml. of phosphate buffer, pH 7.4. The beakers 
were set in a Dubnoff metabolic shaker for 5 minutes at 37°, after which 
time 0.2 ml. of homogenized tissue was added. The reaction was termi- 
nated 20 minutes later by the addition of 0.2 ml. of 100 per cent trichloro- 
acetic acid (TCA), and the filtrates were analyzed for alanine. Control 
incubations in which TCA was added at zero time to determine the alanine 
content of the complete but inactive system were carried out. When 
supplements were added, they were incubated with the homogenates for 
10 minutes before adding the substrates. 
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The alanine formed in the transaminase reaction was measured as acetal- 
dehyde obtained from heating the TCA filtrate with ninhydrin at pH 5.0. 
The method is a microapplication of the analytical procedure for blood 
alanine which was described by Alexander and Seligman (20), now modi- 
fied to permit the determination of less than 40 y of alanine in the presence 
of 8 mg. of glutamic acid. The apparatus used is shown in Fig. 2. An 
aliquot of an experimental TCA filtrate, which contains 5 to 80 y of alanine. 
is added to a reaction vessel, and the pH is adjusted to 5.0 (methyl red), 
3 ml. of citrate buffer at pH 5.0 (21 gm. of citric acid plus 8 gm. of NaOH 
in 500 ml.) are then added in addition to a few alundum chips. About 
200 mg. of ninhydrin (scoop) are now added, and the vessel is attached to 





|| z= VACUUM 




















Fic. 2. Apparatus for the estimation of alanine in the assay of glutamic-alanine 
transaminase. A is a 50 ml. round bottom flask, B is a Claisen adapter, C is a 20 
mm. water-jacketed condenser; A, B, and C have 19/38 standard taper joints. Disa 
15 ml. centrifuge tube. 


the still. Tube F should contain 8 to 9 ml. of 2 per cent sodium bisulfite. 
The reaction vessel is heated to boiling which is allowed to continue for 12 
minutes. The bisulfite solution is then adjusted to 10 ml., and aliquots 
thereof are analyzed for acetaldehyde (20). The adequacy of a 12 minute 
reaction and aeration period was checked by the analysis of experimental 
TCA filtrates with and without the addition of 20 y of alanine for different 
periods of time. In a series of ten such determinations the recovery of 
added alanine at 12 minutes was 98 + 2.2 per cent. The alanine found 
after a transaminase incubation was corrected for the alanine present at 
zero time and was expressed in terms of the metabolic quotient Qatanine- 


Results 


Studies on Respiration of Pyridoxine-Deficient and Pair-Fed Normal Duck 
Ventricle Slices—The data for these studies are presented in Table I. In 
the absence of added substrate, the oxygen consumption of deficient slices 
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was slightly higher than that of the pair-fed control group. When pyru- 
vate was added, however, or when L(+)-lactate was added, there was no 
difference in respiration between the deficient and the control groups. A 
similar amount of lactate in the absence of added substrate was produced 
in both series. No difference was observed between the rate of pyruvate 


TABLE [ 


Effect of Pyridoxine Deficiency on Metabolism of Pyruvate and i(+)-Lactate 
in Slices of Duck Heart Ventricle 


No. of 


Observation pas ves A Deficient Normal 
tise . — ——_ |__| 
Qoz, no substrate... 12 9.3 +0.9* | 8.6 + 0.9° 

pyruvate, 5 mm per liter... ; 12 11.9 + 0.22 | 11.5+ 0.8 
* lactate, 5 mm per liter.... 12 10.56+1.3 | 10.2 + 0.9 
+ Qiactate (nO substrate). . 1.0 + 0.6 0.9+ 0.3 
Net — Qpyruvatef (pyruvate, 5 mm per liter).. 12 5.44 1.3 5.7 + 1.2 
+ Qiactate (pyruvate, 5 mm per liter)....... 12 3.1 + 0.9 3.0 + 0.6 
— Qisctate (lactate, 5 mm per liter). 2441.3 2.9+1.2 
Hemoglobin, gm. % 4.72+ 0.48 | 8.9 + 0.16 
* Standard deviation of the mean. 
+ Calculated according to Olson et al. (6). 
TaBLe II 


Effect of Pyridoxine Deficiency upon Transaminase Activity of 
Duck Heart Homogenates 





Glutamic-alanine transaminase Glutamic-aspartic transaminase 
= _ —_— — = 
Per cent Per cent 
depression } depression 
| af 
| Hemoglobin Qalanine ‘a Hemoglobin | Qoxalacetate | -_ 
| | 


_—_—_— 
Hemo- | Qoxal- 


| globin | acetate 


Beno \Oalanine 





gm. per cent gm. per cent 


Normal 8.7 + 0.9*/4.8 + 0.9 8.5 + 1.0 265 + 19 
- 51.0 | 50.0 ° 40.0 | 29. 
Deficient ..4.4 + 1.4 (2.4 + 1.1) 2°? | ©-9 |5.1 + 1.9! 190 + 23 | ©: | 9-0 


* Standard deviation of the mean. 


utilization or the production of lactate from pyruvate in the deficient and 
the control slices. Similarly, the pyridoxine-depleted and the normal tis- 
sues utilized lactate equally well. 

Studies on Two Transaminase Enzymes in Pyridoxine-Deficient and Pair- 
Fed Normal Duck Ventricle Homogenates—A summary of the data is pre- 
sented in Table II. Hemoglobin levels of the groups are included to indi- 
cate the extent of the anemia. Whereas the activity of the alanine enzyme 
was depressed 50 per cent, the aspartic enzyme was depressed by 29 per 
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cent. The hemoglobin levels of the deficient birds in both series were at 
least 40 per cent below normal. There is a correlation between the level 
of cardiac transaminase activity and the level of blood hemoglobin during 
dietary pyridoxine restriction in the duck. The correlation coefficients for 
the alanine and the aspartic series were 0.646 and 0.42, respectively. 
Effect of Vitamin Supplementation on Activity of Pyridoxine-Depleted 
Transaminase Systems in Duck Heart Homogenates—The data on the reac- 


TaBe III 
Reactivation of Glutamic-Alanine Transaminase in Homogenates of 
Pyridozxine-Deficient Duck Ventricle 

















Qalanine \Per cent of normal 
No. of es. ae 
Supplement determina-| _ hes Zi 
tions No SUP- | supple- Trans- Hemo- 
plement ment |2Minase| globin 
In vitro 
Pyridoxal “(10-100 - | oe eee 4 2.6 | 2.81 | 59.0 
i (10-30 y) 4 ATP (0.5-2. 3 me.).. 12 2.9 2.42 | 51.0 
Pyridoxamine (100 y)....... et Aah 2 2:3 2.32 | 49.0 
Boiled liver juice.... aa 2 2.3 | 2.40 | 51.0 
Synthetic py vee il phoaph rte (1 y) a 4 2.6 | 4.15 | 87.0 
“g _ (10y)........] 6 2.8 | 3.63 | 77.0 
- ” “ (1007).......] 4 2.6 | 3.62 | 77.0 
In vivo 
Pyridoxine (16 hrs., 10 ary 2 2.4 | 3.52 | 75.0! 0 
Pyridoxamine (16 ion. 2-10 mg.).. 4 2.4 | 3.51 | 75.0 0 
Pyridoxal (16 hrs., 10 mg.).. 4 2.4 | 3.35 | 70.0 0 
Pyridoxamine (72 hrs., 2 mg.) 2 2.4 | 3.52 | 75.0} 42.0 
Control diet (168 hrs., ad libitum)... 8 2.4 | 3.94 | 82.0 | 112.0 





| 
| 
| 


tivation of the enzymes are presented in Tables III and IV. Control data 
for normal and pyridoxine-depleted homogenates are included for com- 
parative purposes. Neither pyridoxal, pyridoxine, pyridoxamine, nor 
boiled juice, alone or combined with varying levels of adenosine triphos- 
phate (ATP), appreciably stimulated the activity of either enzyme in the 
depleted homogenates in vitro. Both transaminases were restored to ap- 
proximately 80 per cent of normal activity, however, when pyridoxal 
phosphate was added to the vitamin-depleted homogenates. 

Additional experiments were carried out to evaluate the effect of ad- 
ministering the Bs vitamins to the depleted intact animal. An intra- 
peritoneal injection of 2 to 10 mg. of pyridoxine, pyridoxamine, or pyri- 
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doxal restored the two cardiac ventricle transaminases to about 80 per cent 
of normal activity within 16 hours after injection. Though no effect was 
seen on the hemoglobin at 16 hours, there was a positive effect on erythro- 
poiesis 72 hours after the administration of pyridoxamine. When deficient 
ducks were fed a complete ration ad libitum for 7 days, the transaminase 
activity was restored to about 85 per cent of normal and the hemoglobin 
returned to normal. 


TABLE IV 


Reactivation of Glutamic-Aspartic Transaminase in Homogenates of 
Pyridoxine-Deficient Duck Ventricle 


ia ~ | 
| Qoxalacetate |Per cent of normal 





No. of | suit ie hc “ 
Supplement determina- | lie | | 
tions No sup- | i | Trans- | Hemo- 
plement | ——- aminase| globin 








In vitro 


Pyridoxal (100 y) + ATP (0.5-2.3 mg.).... Ss 198 173 | 65.0 
Pyridoxamine (50-100 +) 4 199 205 76.0 | 
(50-100 “) + ATP (2.3 mg. 4 











Boiled liver juice 2 214 «198 | 74.0 
Synthetic pyridoxal phosphate (1 y). 4 190 208 | 79.0 

% a st (10 y) 6 179 237 89.0 

4 - ” (100 y). 4 190 217 82.0 

In vivo 
Pyridoxal (16 hrs., 1-10 mg.) .. caves 6 189 | 232 | 83.5 | 0 
Pyridoxamine (16 hrs., 1-10 mg.) 4 | 189 240 | 91.0 0 
Pyridoxine (16 hrs.,0.2-10 mg.)........... 8 | 189 | 241 | 91.0] 0 
Pyridoxamine (72 hrs., 2 mg.) - 2 189 | 236 | 89.0 | 42.0 
Control diet (168 hrs., ad libitum)....... 8 189 241 | 91.0 | 112.0 
DISCUSSION 


Pyridoxine deficiency in the duckling sufficient to cause marked anemia 
did not appreciably affect the respiration or the pyruvate or lactate utiliza- 
tion of duck ventricle slices in vitro, although a defect in transamination 
was demonstrable in homogenates of the same tissue. This situation is 
analogous to that reported by Olson and Stare (11) for pantothenic acid 
deficiency in the duckling in which a defect in pyruvate oxidation could 
be shown in homogenates from deficient heart ventricle, but not in slices. 
It is probable that, because of the difference in architecture and dispersion 
of the two preparations, a decline in nutritional reserve will be detected in 
the homogenate before it will in the slice. The relatively small decrease 
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in succinoxidase of 10 to 15 per cent detected by Ames et al. (21) in pyri- 
doxine-deficient rat heart homogenate may reflect a general effect of pyri- 
doxine deficiency upon protein synthesis. The anemia observed in this 
deficiency disease may be another manifestation of such a defect. 

The activities of two transaminases, the glutamic-aspartic and the glu- 
tamic-alanine systems, were found to be depressed in homogenates of 
deficient heart ventricle, as might be predicted from the established rdle of 
pyridoxal phosphate as a coenzyme for these systems (22). There ap- 
peared to be, furthermore, a relationship between the degree of anemia and 
the degree of depression of transaminase activity. 

It was of considerable interest to us that the extent of depression of 
transaminase activity in the pyridoxine-deficient heart ventricle was not 
identical for the two transaminases studied. The activity of the alanine 
enzyme was reduced about twice as much as that of the aspartic enzyme. 
This difference in response of the two transaminases to pyridoxine restric- 
tion has also been noted by Caldwell and McHenry (23), and a similar 
sensitivity of these systems to x-irradiation has been noted by Brin (24): 
There seems little doubt that the two systems are characterized by differ- 
ent apotransaminases. 

The administration of pyridoxine in vivo or pyridoxal phosphate in vitro 
resulted in a stimulation of transaminase activity in the depleted heart 
homogenate. It was somewhat surprising that boiled juice from normal 
liver did not stimulate activity of these systems in vitro, since it is unlikely 
that destruction of this coenzyme occurred to any extent during the boiling 
of fresh liver. In view of the work of Green et al. (25) and Lichstein et al. 
(26), illustrating the difficulty with which transaminases were resolved into 
apo- and coenzyme components, it is more likely that much of the coen- 
zyme in liver remained bound to the heat-denatured protein and hence did 
not appear in the supplement added. Failure of ATP to activate pyridoxal 
and stimulate transaminase activity of depleted homogenates is more diffi- 
cult to explain (22, 27), unless the phosphatases and nucleotidases of heart 
homogenate are unusually active. That this may indeed be the case, how- 
ever, is supported by the similar failure of Ames et al. (21) to observe this 
effect and the recent report of Roberts and Frankel (28) that fluoride was 
necessary as well as ATP plus pyridoxal in the activation of cotrans- 
aminase-depleted glutamic decarboxylase from brain. 

The precise réle of amino acids in the nutrition of the intact heart is still 
a subject of controversy. There is no doubt that they are essential for the 
anabolism of heart muscle protein, although their contribution to the 
energy exchange of the intact heart appears small in conditions of health 


1 Brin, M., and McKee, R. W., unpublished experiments. 
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(1). The current study supports this general conclusion by demonstrating 
that pyridoxine restriction can reduce transaminase activity in heart tissue 
without seriously affecting over-all respiration of slices in vitro. 


SUMMARY 


Pyridoxine deficiency depressed the activities of the glutamic-alanine and 
the glutamic-aspartic transaminases in duck heart homogenates 50 and 30 
per cent, respectively. The transaminase activity of the deficient ho- 
mogenates was stimulated by the addition of pyridoxal phosphate in vitro 
or the administration of pyridoxine, pyridoxamine, or pyridoxal in vivo. 
There was a significant correlation between the level of transaminase ac- 
tivity in heart tissue and the extent of the anemia of the vitamin B,-defi- 
cient duck. The deficiency had no effect on either the rate of endogenous 
respiration or the rates of oxidation and utilization of pyruvate and L(+)- 
lactate by duck ventricle slices in vitro. Methods were presented for the 
estimation of oxalacetate and alanine in the assay of transaminases. 
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ON A DEOXYRIBONUCLEASE FROM GERMINATING 
BARLEY* 


By GEORGE BRAWERMAN{ ann ERWIN CHARGAFF 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, March 18, 1954) 


Recent work on the dinucleotides formed by the action of crystalline 
pancreatic deoxyribonuclease on deoxyribonucleic acid (DNA) indicates 
that the enzyme acts as a highly specific phosphodiesterase, splitting only 
linkages between certain nucleotides (1). The formation of a non-dialyz- 
able residue, resistant to the enzymic action (‘“‘core’’) and having a nucleo- 
tide composition different from that of the original (2), can be explained 
by such a selectivity on the part of the enzyme. The core would in this 
case consist of oligonucleotides deficient in linkages that are susceptible 
to attack by the nuclease and its composition could be considered as a 
reflection of the specificity of the enzyme. 

It appeared of interest to study the action on DNA of a deoxyribonucle- 
ase of different origin and to compare its specificity with that of the pan- 
creatic enzyme. The enzyme present in germinating barley was chosen, 
because the considerable increase in its activity during germination sug- 
gests that it may have an important function in growth. In addition, it 
is phylogenetically so remote from the mammalian nuclease usually studied 
that specificity differences could be anticipated. 

Commercial malt diastase (3) was found to be a convenient source of the 
enzyme. Such enzyme preparations degraded DNA, but did not stop at 
the oligonucleotide stage. On prolonged digestion, DNA was completely 
split to nucleosides, adenosine being in addition converted to inosine. This 
indicated the presence of deaminase, phosphomonoesterase,' and phos- 
phodiesterase.2 Conditions could be found, however, under which the ac- 
tivity of the contaminating enzymes was negligible. 

*This work was supported by research grants from the National Institutes of 
Health, United States Public Health Service, and the Rockefeller Foundation. 

t Predoctoral Research Fellow, United States Public Health Service. This re- 
port is in part from a dissertation submitted by George Brawerman in partial fulfil- 


ment of the requirements for the degree of Doctor of Philosophy in the Faculty of 
Pure Science, Columbia University. 

‘Some preparations have subsequently been found capable of catalyzing the 
transfer of phosphoric acid from certain organic phosphates to nucleosides (4). 

* Yeast ribonucleic acid was also split by the preparations, but it is not known 
whether this attack is due to a specific ribonuclease or to the phosphodiesterase dis- 
cussed below. 
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EXPERIMENTAL 


Material 


Highly polymerized calf thymus DNA was prepared according to Kay 

et al. (5). Sodium monopheny! phosphate and potassium diphenyl] phos. 
phate were made according to Asakawa (6). 
t Two different specimens of “diastase of malt, U. S. P. IX,” obtained 
from the Fisher Scientific Company and from Merck and Company, and 
designated diastase I and II, respectively, were employed. Muscle ade- 
nylic acid and adenosine were commercial preparations. Crystalline pan- 
creatic deoxyribonuclease was supplied by the Worthington Biochemical 
Corporation, Freehold, New Jersey. 


Analytical Methods 


Phosphorus was determined by the method of King (7) and phenol by 
the method of Folin and Denis (8). Protein was estimated by a modifi- 
cation of the biuret method (9), in which the absorption of the complex at 
310 my is determined in the spectrophotometer (unpublished work of Dr. 
S. Zamenhof quoted in a recent paper (10)). 


Preparation and Properties of Malt Deoxyribonuclease 


Preparation of Enzyme—All operations were carried out in the cold. The 
treatment in a high speed mixer of 50 gm. of malt diastase with 250 cc. 
of ice-cold 1 per cent NaCl solution yielded, after centrifugation, a super- 
natant solution (220 cc.) to which 63.4 gm. of (NH4)2SO,4 were added with 
stirring. 1 hour later, the mixture was again centrifuged and a precipitate 
produced by the addition of 34.1 gm. of (NH,4).SO, to the supernatant solu- 
tion (230 cc.). The precipitate was allowed to settle for 2 hours, collected 
by centrifugation, and dissolved in 14 cc. of water. The enrichment in 
nuclease activity, based on protein weight, effected by this treatment was 
more than 4-fold. For convenience of handling, the preparation was re- 
covered by the lyophilization of the dialyzed and centrifuged solution, 
though this entailed some loss in activity. The material thus obtained 
(360 mg.) was stable in the dry state, but not in solution. 

Enzyme Preparations I and II thus were made repeatedly from the cor- 
responding malt diastase specimens. They had the same deoxyribonucle- 
ase activity, but the phosphomonoesterase content of Preparation I was 
higher. Several other fractionation or adsorption attempts failed, owing 
to the instability of the nuclease. 

Deoxyribonuclease Activity—The assays were carried out spectrophoto- 
metrically (11) in a mixed buffer solution, 0.1 m with respect to both tris- 
(hydroxymethyl)aminomethane and sodium acetate (Tris acetate buffer). 
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As shown in Fig. 1, the pH optimum was around 6. When the enzyme was 
assayed by following the decrease in viscosity, a different pH optimum, viz. 
7.5, resulted, a discrepancy also observed with the pancreatic enzyme (3, 
11). 

Magnesium ions up to a 0.02 m concentration produced a strong acti- 
yation (Table I). Sodium citrate and the sodium salt of ethylenedia- 
minetetraacetic acid, the latter more strongly, were inhibiting in amounts 
equivalent to the quantity of Mg** present. 

Phosphodiesterase Activity—Though diphenyl phosphate has frequently 
been used as a substrate for phosphodiesterase activity (6, 12, 13), it is 
not known whether the hydrolysis of this substance and the cleavage of 
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Fic. 1. pH-activity curve of barley deoxyribonuclease. 30 7 of DNA and 50 y 
of enzyme per cc., 0.004 m MgSO,, and 0.1 m Tris acetate buffer. 





the phosphodiester linkages in nucleic acids are brought about by the 
same enzyme. 

In most of the present work oligonucleotides were used as substrate 
(14). For their preparation, 500 mg. of calf thymus DNA were incubated 
with 2.2 mg. of crystalline pancreatic deoxyribonuclease in 10 cc. of 0.001 
uw MgSO, at pH 6.5 and 37° for 40 hours. The mixture was deproteinized 
with chloroform-amy] alcohol and brought to a volume of 23 cc. The final 
solution contained 20 mg. of oligonucleotides per cc. in 44 X 10* Mm 

The enzyme activity was followed by the estimation of nucleic acid frag- 
ments rendered soluble in the uranyl reagent, consisting of a 1.6 per cent 
solution of uranyl acetate in 10 per cent trichloroacetic acid (14). The 
soluble fragments were determined by spectrophotometry in the ultra- 
violet region; a value of 0.305 was used as the extinction at 260 my given 
by 10 y of nucleotides per cc. Substrate blanks were always included, 
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since about 10 per cent of the initial substrate mixture was soluble in the 
uranyl reagent. Fig. 2 shows the results obtained by this procedure. 
The optimal pH was around 5.7. The minimum around pH 7.7 was ob- 


TABLE I 





Activation of Barley Deoxyribonuclease by Mg** Ions* 





MgSO, Increase in Eee per min. 
mole per L ; iE 

0 0.002 

10-5 0.002 

10-4 0.004 

10-3 0.012 

10-2 0.022 

107! 0.013 





* 30 y of DNA and 32 y of enzyme per cc.; 0.1 M Tris acetate buffer, pH 5.8. 
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Fig. 2 Fia. 3 

Fic. 2. pH-activity curve of barley phosphodiesterase. 9 mg. of oligonucleotides 
and 0.9 mg. of enzyme per cc., 0.1 m Tris acetate (Curve 1) or borate buffer (Curve 2); 
80 minutes incubation at 30°; equal volume of uranyl reagent added to digest, pre- 
cipitate removed by centrifugation, and soluble material determined on supernatant 
solution diluted 100-fold with water. 

Fig. 3. pH-activity curve of barley phosphomonoesterase. 9 mg. of 5’-ribo- 
adenylic acid and 0.9 mg. of enzyme per cc., 0.1 M Tris acetate buffer; 80 minutes in- 
cubation at 30°. 


served with the Tris acetate buffer, but not with the borate buffer. This 
peculiar inhibition in the range pH 7 to 8 is as yet unexplained. The 
addition of varying amounts of MgSO, up to a 0.1 m concentration had 
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the | little, if any, effect on the activity, both at pH 6 and 8. Moreover, the 
ure. | complex-forming agents, mentioned above, did not inhibit the activity. 
ob- The hydrolysis of diphenyl phosphate also was investigated. The re- 
action was much slower than with the oligonucleotides: at pH 5.4, only 1.3 
per cent splitting occurred. The pH optimum was around 5.5, but the 
shape of the pH-activity curve was quite different, and no minimum was 
observed. Again, MgSO, had no influence on the activity. 

—_— Phosphomonoesterase Activity—The pH-activity curve for the splitting of 
5’-adenylic acid is shown in Fig. 3. A similar curve was obtained with 
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Fic. 4 Fia. 5 
Fig. 4. pH-activity curve of barley adenosine deaminase. 20 7 of adenosine and 
200 y of enzyme per cc., 0.1 m Tris acetate buffer. 
Fic. 5. Deamination of adenosine and 5’-adenylic acid. 0.068 um of 5’-riboaden- 
ylic acid (Curve 1), 0.068 um of riboadenosine (Curve 2), and 200 y of enzyme per cc., 
0.1m Tris acetate buffer, pH 8. 


monophenyl phosphate, but the rate of hydrolysis was about 5 times as 
high. Magnesium ions had no activating effect; they were slightly inhibit- 

' ing ina 0.01 m or higher concentration. Commercial yeast adenylic acid 
ne was dephosphorylated faster than 5’-adenylic acid. This may point to the 
,pre- | Presence of b nucleotidase (15). 
atant Adenosine Deaminase Activity—The deamination of adenosine was fol- 
lowed by spectrophotometry (16). In Fig. 4, which shows the pH-activity 
curve, the values in the range above pH 7 had to be corrected, because the 
difference in ultraviolet absorption of adenosine and inosine decreases in 
that pH range. The curve has a broad peak around pH 7. Adenine was 
This | not attacked by the enzyme. 

The The deamination of adenosine and of 5’-adenylic acid is compared in 
had | Fig. 5. As can be seen, adenylic acid is deaminated much more slowly. 
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Furthermore, its deamination curve shows a lag period; it is possible that 
the dephosphorylation of adenylic acid is requisite for its deamination. 
though the presence of a weak adenylic acid deaminase cannot be excluded, 


Enzymic Degradation of DNA 


Nucleoside Formation—DNA (12 mg. per cc.) and enzyme Preparation 
I (2 mg. per cc.) were incubated at 30° in 0.1 m acetate buffer of pH 58, 
which was 0.01 m with respect to MgSO,. The solution was protected with 
0.01 per cent ethyl mercurithiosalicylate. Inorganic phosphate appeared 
very slowly: 74.5 per cent was liberated after 72 hours, 85 after 120 hours, 
and 95.5 after 240 hours. 

Portions of the final digest were chromatographed on Schleicher and 
Schuell No. 597 filter paper with a mixture of 6 volumes of n-butanol and 


TABLE II 
Chromatography of Nucleosides Formed by Barley Enzyme 











| Butanol ote | 0.01 phosphate | nucleosides formed 

| Rr | Rr | 
Deoxyguanosine............... 0.33 0.67 | 21.8 
Deonyimosine................. 0.33 0.81 5.7 
Deoxyoytidime. ...........4.... | 0.49 0.85 18.5 
Deoxyadenosine........ ee 0.83 0.42 9.5 
pS ee eee 1.00 0.85 27.4 








| 
| 
| 


* Rp of thymidine taken as 1.00. 
7 Expressed in moles per 100 gm. atoms of phosphorus. 


1 volume of 0.1 N ammonia. Four spots were observed; deoxyguanosine 
and deoxyinosine migrated together. The zones were extracted with 0.1 
mM phosphate buffer, pH 7, and analyzed by spectrophotometry. The 
following extinction values, for 0.001 m solutions, computed from published 
data (17, 18), were used: adenosine, E2g9 — E299 14.700; guanosine, E259 — 
Eago 10.300; cytidine, Eon —_ Ego 7.300; thymidine, Eoez —_ Ego 7.300; 
inosine, Eso -_ Ego 12.200. 

Table II presents the results of the nucleoside analysis. The recovery in 
terms of total phosphorus was 92.9 per cent. Similar results were obtained 
when all five nucleosides were analyzed separately after two-dimensional 
paper chromatography, for which the first dimension solvent was NH: 
butanol and the second dimension solvent 0.01 m sodium phosphate at pH 
7. The Ry values observed in both solvents also are listed in Table II. 
When the values for adenosine and inosine are combined, the results of the 
nucleoside analysis agree roughly with the base composition of calf thymus 
DNA (19). 
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Nucleotide Formation—When DNA in a concentration of 10 mg. per ce. 
was treated with 2 mg. of enzyme per cc. (Preparation I or II) in 0.1 m 
borate buffer, pH 8, and 0.02 m MgSQ,, for 1 or 2 days at 30°, up to 50 
per cent of mononucleotides were formed, as shown by precipitation with 
the uranyl reagent and also by ion exchange chromatography. Longer 
treatment did not improve the yield, owing to the formation of larger 
amounts of nucleosides. 

Formation of Non-Dialyzable Residue—A comparison of the pH curves 
for the nuclease, diesterase, and monoesterase activities in Tris acetate 
buffer shows that at pH 7.6 both phosphatase activities are, in comparison 


@ 
O 
T 


o>) 
q ) 


PER CENT 











~ HOURS 


Fic. 6. Core formation by barley deoxyribonuclease. Curve 1, dialyzable mate- 
rial; Curve 2, phosphorus soluble in uranyl reagent; Curve 3, inorganic phosphorus. 


to the nuclease activity, reduced to a minimum. Under these conditions 
the production of a non-dialyzable core could be expected. 

The conditions selected were as follows: 10 mg. of DNA and 1 mg. of 
enzyme (Preparation IT) per cc., 0.02 m MgSO,, 0.1 m Tris acetate buffer, 
pH 7.6, and 0.01 per cent ethyl mercurithiosalicylate. The incubation was 
performed at 30°; a drop of 0.1 n NaOH was added occasionally to hold the 
pH (checked periodically with the glass electrode) between 7.4 and 7.7. 
The enzymic action was followed by the estimation of dialyzable fragments, 
inorganic P, and P soluble in the uranyl reagent. Portions, removed at 
various time intervals and deproteinized in the cold with a 1:5 mixture of 
amyl alcohol-chloroform, served for the analyses. The dialysis was per- 
formed against 200 volumes of cold water for 135 hours. 

Fig. 6 shows that the nuclease action is almost complete after 2 to 3 
hours. After incubation for 3 hours, 86 per cent of the DNA had become 
dialyzable and 13 per cent of soluble and 2 per cent of inorganic phosphate 
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had been formed. In this time interval, very little esterase action could 
have taken place. Inactivation of the enzyme as cause of the stoppage of 
the reaction was ruled out by the observation that 90 per cent of the 
activity is retained after 6 hours under the conditions adopted. 


Tasie III 
Action of Barley Deoryribonuclease on Calf Thymus DNA; Composition of 
Dialysis Residue 


Experiment 1 | Experiment 2 

Incubation time, hrs... { 5.5 
Duration of dialysis, hrs............ < 87 140 
Dialysis residue, % of starting material...... 15 16 
P inorganic, %.... 2.7 2.8 
** soluble in uranyl reagent, %....... A 16.7 16 
Composition, moles per 100 gm. atoms P 

Adenine....... ; ” ..| 26.2 26.3 

Guanine 21.3 19.3 

Cytosine 19.9 19.5 

Thymine. . , 32.0 33.8 

yo. 47.5 45.6 

Pyrimidines ees 51.9 53.3 


| Fucosontn ues 99.4 98.9 


TaBLe IV 


Comparison of Pancreatic and Barley Deoxyribonucleases; Composition o 
“ “ ? 
Dialysis Residues 


All values are expressed as moles per 100 moles of total bases. 








“ae TAS Barley enzyme, Pancreatic enzyme, 
Original DNA 16 per cent “‘core’’ | 16 per cent “‘core’”’f 
Adenine. . apes s 29.0 26.4 38.7 
MI 5-8 6.c-kieQaih.t see aneiwees 21.2 20.5 20.3 
Cytomine........... gdeesl 21.2 19.9 15.5 
Thymine.... | 28.5 33.2 25.5 
SEE eer eee em 50.2 46.9 59 
Pyrimidines ee 19.7 53.1 41 


* From Chargaff and Lipshitz (19). 

¢ Computed from the data of Zamenhof and Chargaff (2). 

For the isolation of the dialysis residue, 60 mg. of DNA were treated as 
described above. After incubation, the digest was deproteinized and sub- 
jected to dialysis with agitation in the cold. The dialysis residue was 
lyophilized and its base composition was determined in the usual manner 
(19). Guanine was estimated separately by hydrolysis with Nn H.SO, (20), 
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because, in contrast to the behavior of total DNA, formic acid hydrolysates 
of the dialysis residue gave a poor recovery of this base. Hypoxanthine 
was not present in the hydrolysates. The results of two experiments are 
summarized in Table IIT. 

As is shown in Table IV, the base composition of the non-dialyzable frac- 
tio produced by the malt enzyme markedly differs from that of the core 
yielded by the pancreatic deoxyribonuclease. The main features are an 
increase in thymine and in total pyrimidines as opposed to an increase in 
adenine and in total purines with the enzyme from pancreas. 


DISCUSSION 


The evaluation of results obtained with deoxyribonucleases is, with the 
exception of the crystalline pancreatic enzyme, complicated by the possi- 
bility of interfering side reactions having occurred, owing to the presence 
of contaminating enzymes. In regard to phosphodiesterase, our under- 
standing of its mode of action and even of the validity of the methods for 
its assay still is inadequate, but this enzyme is unlikely to have interfered 
to a considerable degree in the reactions studied here, since, as shown in 
Figs. 2 and 6, only a few per cent of mononucleotides could have been 
formed during the period sufficient for the completion of the nuclease 
action. The very slow rate at which the quantity of non-dialyzable residue 
decreased with time (Fig. 6) also excludes an appreciable action of dies- 
terase. Interference by phosphomonoesterase could not have distorted 
the results, since no more than terminal phosphate could have been re- 
moved by this enzyme. Moreover, dephosphorylation was negligible 
under the conditions chosen for the study of the nuclease action. 

The principal aim of the present study was to compare, in an orienting 
fashion, the action of two deoxyribonucleases of widely different origin on 
the same DNA substrate. The comparison was based in the main on the 
composition of the non-dialyzable mixture of oligonucleotides, the core, 
that was relatively resistant to enzymic action. As is shown here, the 
distribution of nitrogenous constituents in the respective dialysis residues 
ismarkedly different (Table IV). The cause of this divergence most prob- 
ably lies in a difference in enzymic specificity with regard to the type of 
link readily broken by the enzymes, but a final decision will have to await 
the availability of a purer barley deoxyribonuclease. 


SUMMARY 


A deoxyribonuclease present in malt diastase preparations was partially 
purified. The deoxyribonuclease, phosphodiesterase, phosphomonoester- 
ase, and adenosine deaminase activities demonstrable in the purified prepa- 
rations were studied. 


Whereas by prolonged digestion with the enzyme preparations at pH 5.8 
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calf thymus deoxyribonucleic acid was quantitatively converted to nucleo. 
sides, conditions could be found under which the action of the contaminat- 
ing enzymes was negligible and which permitted us to follow the action of 
the barley deoxyribonuclease. 

As was previously observed for the pancreatic deoxyribonuclease, the 
barley enzyme also brought about the formation of a non-dialyzable residue 
resistant to further enzymic action. This residue had a purine and pyrimi- 
dine composition which differed not only from that of the DNA serving as 
the substrate, but also from that of the comparable residue resulting from 
the action of pancreatic deoxyribonuclease. The two deoxyribonucleases 
compared here appear to differ in their specificity. 
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AMINO ACID FORMATION AND UTILIZATION 
IN NEUROSPORA 


By I. ANDERSSON-KOTTO, G. EHRENSVARD, G. HOGSTROM, 
L. REIO, anp E. SALUSTE 
(From the Wenner-Gren Institute of Experimental Biology, Department of 
Physiological Chemistry, University of Stockholm, Stockholm, Sweden) 


(Received for publication, February 1, 1954) 


In order to make a detailed study of differences of amino acid formation 
and utilization in Neurospora crassa, wild type, compared with its lysine- 
less mutant 4545, a series of experiments has been carried out involving 
the cultivation of both strains on labeled acetate, C“H;C“OONa. From 
the data on the utilization of the 2 carbon atoms of acetate for amino acid 
synthesis, the normal and the mutant strain may be compared with special 
regard to the over-all influence of a mutation on amino acid metabolism 
in general. In addition, the utilization of uniformly C'-labeled lysine by 
the two strains growing on acetate medium has been studied. The strains 
of Neurospora used throughout these experiments were the wild type 1A 
and the lysineless mutant 4545. We are indebted to Dr. G. W. Beadle 
and Dr. F. J. Ryan for providing us with these strains. 


Experiments with Labeled Acetate 


The procedure used for all the experiments described here was as follows: 
Sterile medium in stainless steel 6 liter Kluyver flasks, containing 4 liters 
of culture medium, was inoculated with media from 7 day-old sucrose agar 
cultures. The inorganic constituents of the medium were the same as 
those used in previous work with Neurospora (1). The carbon sources 
were ammonium tartrate, 5 gm. per liter, and sodium acetate (3H.O), 5 
gm. per liter. In some experiments, e.g. in the cultivation of the lysine- 
less mutant, 50 mg. of L-lysine monohydrochloride were added per liter of 
culture medium. 

After 18 hours of cultivation under vigorous aeration at 25-26° the 
mycelium was removed by centrifugation and transferred to the same 
volume of fresh medium containing all components necessary for maximal] 
growth. Isotope-labeled acetate, C"H;C“OONa, was added as the last 
component, whereupon the air outlet of the flasks was immediately con- 
nected with CO, absorption units. Samples of respiratory COs, pre- 
cipitated as barium carbonate, were taken from time to time during the 
following 10 hour period of cultivation. 

After termination of the growth period, the mycelium was isolated by 
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centrifugation, washed three times with distilled water, then with ethanol, 
and finally with ether, three times with each solvent. The dry weight of 
the wild type mycelium averaged 1.1 gm. per liter of culture medium, 
The yield of dry material from the mutant was somewhat lower, usually 
0.7 to 0.8 gm. per liter. The protein content of the dry material averaged 
10 per cent. 

The mycelial material was hydrolyzed in 6 n hydrochloric acid. The 
techniques of the isolation and degradation of amino acids were the same 
as those previously used in investigations of amino acid metabolism jp 
other microorganisms (2-6), with the modification that the acetaldehyde 
obtained from ninhydrin treatment of alanine was oxidized directly to 
acetic acid. This was degraded by a Schmidt reaction (7, 8) after purifica- 
tion on a Celite column (9). Threonine was converted by long time treat- 
ment with HI to a-amino-n-butyric acid, which was decarboxylated by 
ninhydrin. The resulting propionaldehyde was oxidized with dichromate 
to propionic acid and the latter degraded as described by Phares (8). The 
amounts of alanine and threonine degraded correspond to about 0.5 mu 
of substance. 

All amino acid fragments were ultimately converted into carbon dioxide 
by combustion of the different degradation products, except in the cases of 
plain decarboxylation (ninhydrin or Schmidt reactions). The carbon di- 
oxide obtained was trapped as barium carbonate and examined for C® and 
C content. The results are presented in Table I. 

With regard to the C" and C* content in the respiratory carbon dioxide 
in the different experiments presented in Table I, there are two features 
that have their counterpart in similar experiments with Torulopsis utilis 
and Escherichia coli. First, the total isotope content reaches a maximum 
some time after the actual start of the experiment and later decreases to 
some extent. Secondly, the quotient ’‘C:’C" during the first few minutes 


of the experiment is higher than 3, indicating that at this stage the libera- | 


tion of C from the acetate carboxyl exceeds the corresponding output of 
C"® from the methyl moiety. Later the quotient reaches a steady value of 
1.5 to 1.6. 

From comparison of the isotope content in the respiratory carbon di- 
oxide from Experiment A (Table I) (acetate as the sole carbon compound 
in the medium) and Experiment B (acetate + tartrate) it was evident that 
tartrate was not utilized to any appreciable amount. 

The over-all distribution of C" and C™ in different carbon atoms of 
amino acids isolated from the mycelial material corresponds closely to the 
distribution in amino acids from Torulopsis and E. coli (see Table II). 
The labeling in the acetate used, C"H,;,C“OONa, is for simplicity denoted 
as C*H;C’OONa, or z-e. The labeling sequences in alanine, serine, and 
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TABLE I 


Comparison of Isotope Content of Respiratory Carbon Dioxide during Simultaneous 
Cultivation of Wild Type N. crassa (W) and Lysineless Mutant 4546 (L) 

Experiment A, isotope content of acetate; in COOH , 58,600 c.p.m. per mg. of C; 
in CHs, 11.9 atom per cent excess C*; 5.0 gm. of acetate per liter. In Experiment B, 
isotope content of acetate, in COOH, 47,500 c.p.m. per mg. of C; in CHs, 11.75 
atom per cent excess C'’; acetate and ammonium tartrate, each 5.0 gm. per liter. 
In both experiments the readings under C"* are in atom per cent excess; under C", 
counts per minute per mg. of C. ’C'8 and ’C'4 denote isotope content in respiratory 
C0; in per cent of the corresponding C'* and C'* content in acetate at the start of 
the experiments. The isotope content in total carbon of mycelial material after 
termination of the experiments was, for Experiment A, C'* 4.20, C' 5550 for W; C8 
3.66, C'4 4490 for L; for Experiment B, C* 3.54, C4 5340 for W; C!8 3.35, C4750 for L. 








cu cu cua CM Cu; (Ca 
Time . . — 
W L W L W L W L WwW L 
Experiment A 

min. 

0Q- 30 0.36 5,430 3.0 9.4 | 3.13 

30- 60 ~=—-0.71 9,050 5.9 15.4 2.61 

60- 90 0.42 3,020 3.5 5.2 1.47 
90-120 | 2.31 | 2.65 | 19,200 | 18,700 | 19.4 | 22.3 | 32.8 | 32.2 | 1.69 | 1.45 
120-150 2.87 18,400 | 24.1 31.5 1.31 
150-180 | 2.06 15,700 17.4 27.0 1.55 
180-210 3.53 25,800 | 29.6 44.1 1.48 
210-270 | 2.77 21 , 200 23.2 | 36.5 1.56 
270-330 | 2.78 | 2.65 | 20,650 | 19,400 | 23.4 | 22.3 | 35.4 | 33.2 | 1.52 | 1.49 
330-390 | 3.02 | 2.56 23,250 | 19,100 | 25.4 | 21.5 | 39.5 32.3 | 1.57) 1.51 
390-450 | 2.78 | 20 ,000 23.4 34.1 1.46 

Experiment B 

0- 30 | 0.42 | 0.26 | 5,980 | 2,800) 3.6) 2.2|12.6) 5.9 | 3.5 2.66 
30- 60 | 1.18 | 0.93 | 11,100 | 9,120 | 10.0 | 7.9 | 23.4 | 19.2 | 2.34 | 2.44 
60- 90 | 1.67 | 1.49 | 12,860 | 11,820 | 13.3 | 12.7 | 27.0 | 25.0 | 2.03 | 1.97 
90-120 | 1.92 | 1.84 | 14,800 | 13,420 | 16.4 | 15.7 | 31.2 | 28.3 | 1.91 | 1.80 
120-150 | 2.15 | 2.20 | 15,400 | 15,000 | 18.3 | 18.7 | 32.6 | 31.6 | 1.78 | 1.69 
150-180 | 2.38 | 2.41 | 17,500 | 16,560 | 20.2 | 20.5 | 36.9 | 34.8 | 1.84 | 1.70 
180-240 | 2.73 | 2.83 | 19,800 | 19,000 | 23.2 | 24.1 41.7 | 40.0 | 1.80 | 1.66 
240-300 | 2.36 | 2.93 | 17,360 | 21,300 | 20.1 | 25.0 | 36.6 | 44.8 | 1.82 1.79 
300-360 1.77 | 2.72 | 12,560 | 18,580 | 15.1 | 23.2 | 26.5 | 39.1 | 1.76 | 1.68 
360-420 1.44 | 2.29 | 10,300 | 16,240 | 12.3 | 21.3 | 21.7 | 34.2 | 1.77 | 1.61 
420-480 1.19 | 1.88 7,960 | 12,960 | 10.1 | 16.0 | 16.8 | 27.3 | 1.66! 1.71 
480-540 | 1.06 | 1.68 | 6,860 | 12,200 | 9.0 | 14.2 | 14.5 | 25.6 | 1.61 | 1.80 
340-600 | 1.06 | 1.29 6,860 | 8,460 | 9.0 | 11.0 | 14.5 | 17.8 | 1.61 | 1.62 
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aspartic acid (a-x-% @, x-x-x @, and x @-x-x-x @) are in accordance with 
what has been found for the corresponding amino acids from Torulop- 
sis (3), E. coli (4), and regenerating rat liver (7) isolated in similar experi- 
ments. The sequences found for threonine, x @-2-x-a @, and for valine, ‘> 


TABLE II 


Isotope Content in Different Carbon Atoms of Amino Acids Isolated from Wild Type 


Neurospora 

Neurospora cultivated on C'4H;C'*OONa in the presence of ammonium tartrate 

(T) and without (A). ‘C'* and ’C' denote isotope content in per cent of the corre- 

sponding content of the acetate used in the experiments; see Table I, where the 

figures for isotope content in acetate and respiratory*carbon dioxide are presented 
in series W. 


Isotope content of acetate 








a = ‘Cu 
Amino acids and degradation products Ce | ‘Cu 7” 
(CHs = 100) (COOH = 100) 
T A T Aa} A 

Glutamic acid, a-COOH.............. 23.0 | 19.7 | 41.0 | 30.0 1.78 1.54 
Aspartic “ a@-and@-COOH....... 23.0 | 20.9 | 40.5 | 30.3| 1.76| 1.46 
IE 5 0 scan. wascn ac aw neon | 20.2 | 16.5 | 33.1 21.8 | 1.65 1.32 
NS TA gc xush us Sinineianas abt | 24.8 | 20.2 | 37.0 | 27.6| 1.50| 1.37 

Serine, Pore ad ath aru etre vases tiale 21.6 | 38.1 | 1.76 | 
Valine, Br a crc se aS aeiataig so paie Gee | 21.6 | 18.3 | 36.8 | 23.8 1.70 | 1.30 
eoremome, COOH... .... 02... cee ese 18.1 | 16.5 | 33.8 | 23.6 hoe 1.43 
S60 xadndinsy eanens ...| 22.3 | 19.2 | 37.0 | 27.1 | 1.60] 1.41 
Leucine, COOH......................| 0.6] 0.6 | 61.5 | 39.4 | 103.0 | 66.0 
Ge ieee ene eee ...| 0.6} 2.5] 56.1/ 36.8] 93.0 | 14.8 
Arginine, “ ......................| 18.5 | 17.7 | 36.7 | 23.6| 1.96| 1.34 
Histidine, “oo... eee eee | Ma | 18.1 | 1.03 
Proline, oe pg eee ee Soe ee 18.5 | 12.7 | 35.4 | 18.4 1.92 | 1.45 
Tyrosine, “ ...................+4-| 21.6 | 14.6 | 36.6] 19.2] 1.67] 1.32 

Phenylalanine, COOH............ | 16.6 | | 34.8 | 2.10 | 

} 
Alanine, a-carbon atom......... | 48.0 | 47.0| 0.5 | 0.3 0.01 | <0.01 
“  Bearbon “ ............0.. 144.5 | 30.4| 0.2! 0.1 | <0.01 | <0.01 

Serine, a-carbon gle ee Tee 0.1 | <0.01 | 

si 6-carbon ™ 3 a ate | 0.3 | | <0.01 | 
Glycine,a-carbon “ ...............| 61.2 | 46.2/ 0.8| 0.6} 0.01! 0.01 
Threonine, a-carbon atom............| 45.5 52.0| 0.1| 0.0} <0.01 | <0.01 
% B-carbon “ ............| 40.3 | 52.0] 0.4| 0.0| 0.01 | <0.01 
i y-catoon “ ............| 16.1 | 16.6 | BS | 22.5 | 1.66 | 1.37 

Valine, all carbon atoms except | 

carboxyl. ..| 49.1 | 44.1 3.0] 0.3 0.06 0.01 
Isoleucine, same : ..| 33.2 | 50.0 | 10.6 | 5.1 0.32 0.10 
Leucine, same. . cod ' ol wok 1 ZS 1.0 0.7 0.02 0.02 
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ra-x @, are analogous to the findings from earlier experiments with other 
microorganisms. A further parallel is that the leucine carboxy] is entirely 
(“labeled and consequently is derived from the acetate carboxyl by a di- 
rect route. The same holds for the lysine carboxyl, a feature having its 
counterpart in Torulopsis, but differs from the result in EZ. coli. A full deg- 
radation of tyrosine from the above experiments has been reported previ- 


TABLE III 
Comparison of Distribution of Isotope from C%H;C4%OONa in Amino Acids Isolated 
from Protein of Neurospora, Wild Type (W) and Lysineless Mutant (L) 
In the L series 0.5 per cent of non-labeled lysine was added to the medium. The 
W series corresponds to the T series of Table I]. The W and L series were cultivated 
simultaneously under the same conditions. 


Isotope content of acetate 
"cu 
F ‘Cis 
Amino acids and degradation products 'C13 (CH; = 100) ‘C4 (COOH = 100) 
WwW L Ww L W L 


Glycine, COOH 22.2 24.4 33.1 24.9 1.64 1.14 
a-carbon 61.2 58.8 0.8 1.6 0.01 0.03 
4 


Alanine, COOH 24.8 19.8 37.0 29.1 1.50 1.47 
a- and B-carbons 46.0 56.4 0.3 0.4 0.01 0.01 
Valine, COOH 21.6 11.0 36.8 14.6 1.70 1.33 
Residual carbon atoms 49.1 29.7 3.2 0.1 0.06 0.01 
Isoleucine, COOH 18.1 14.1 33.8 24.8 1.77 1.75 
a-, B-, and y-carbons 41.0 15.5 0.9 | 0.02 0.26 
Terminal CH;-y 44.0 31.0 0.6 2.5 0.01 0.08 
CH;-6 14.1 8.5 21.1 2.3 1.93 0.27 
Proline, COOH 18.5 16.4 34.5 29.8 1.92 1.78 
Residual carbon atoms 5 55.7 45.8 12.0 11.8 0.21 0.26 
Arginine, COOH.. 18.5 14.9 36.7 24.1 1.96 1.62 
Lysine, COOH 0.6 0.01 | 56.1 0.16 | 93.0 16.0 
4 0.10 0.24 0.25 


Residual carbon atoms.... 60.4 0.4 14. 


ously (10, 11). Even here the distribution of isotope in different carbon 
atoms of the benzene ring and the side chain has been found analogous to 
the labeling of tyrosine isolated in similar experiments from Torulopsis and 
E. coli. The results presented in Tables I and II concerning the labeling 
patterns of individual amino acids from the normal strain of Neurospora do 
not reveal any marked deviations from what is known with regard to the 
acetate-amino acid interrelationship in other fungi. 

When the lysineless mutant 4545 is grown under the same conditions as 
the wild type (with addition of a certain amount of exogenous lysine), the 
results differ very little in the two cultures (Table IIT). The C™ and C" 
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labeling of respiratory carbon dioxide is approximately the same, as is the 
labeling of amino acid fragments and separate carbon atoms. The main 
difference is the isotope content of lysine, which in the case of the mutant js 
very low, indicating that the exogenous lysine has been incorporated ag 
such into the protein of the mutant during the growth period. 


TaBLe IV 
Isotope Content in Respiratory Carbon Dioxide from Neurospora 
The wild type and the lysineless strain 4545 were cultivated on non-labeled acetate 
and uniformly C'*-labeled L-lysine. C'* activity is given in counts per minute per 
15 mg. of barium carbonate, sampled at intervals. After 24 hours the isotope con- 
tent in the mycelial material was determined. 
L-Lysine added per 50 ml. culture 
Neurospora 


2.5 mg. 5.0 mg. 15.0 mg. 
C' in respiratory CO, 


Wild type 55.5 3.9 (0-8)* 93. 


+ 1+ 1.5 (0-6)* 73.5 + 4.8 (0-8)* 
Lysineless 50.0 + 1.7 (0-8) 68.1 + 2.1 (0-6) 66.7 + 3.0 (08) 
Wild type 34.9 + 0.7 (8-16) 65.2 + 1.9 (6-12) 83.5 + 0.9 (8-16) 
Lysineless 29.5 + 1.4 (8-16) | 50.6 + 0.7 (6-12) 75.5 + 2.5 (8-16) 
Wild type 30.7 + 0.8 (16-24) 60.6 + 1.1 (12-18) 215 + 16 (16-24) 
Lysineless 21.8 + 0.5 (16-24) | 42.2 4+ 1.2 (12-18) | 209 + 6 (16-24) 

C' in mycelium in 24 hrs. 

Wild type 280 550 1120 
Lysineless 430 600 1000 


* The figures in parentheses represent time in hours. 


Experiments with Labeled Lysine 


Uniformly C-labeled lysine, obtained by photosynthesis, was employed 
in three series of experiments in order to investigate the rate of transforma- 
tion of lysine to carbon dioxide during the growth of the wild strain and 
the mutant 4545. A series of 300 ml. Erlenmeyer flasks containing 50 ml. 
of sterile acetate medium (non-labeled) plus varying amounts of labeled 
lysine was inoculated and incubated at 25° with shaking. A slow stream 
of air continuously swept out the respiratory carbon dioxide into a series of 
baryta traps. The first series of flasks contained 2.5 mg. of labeled lysine 
per flask, the second 5 mg., and the third 15 mg. One-half of the flasks of 
the different series were inoculated with conidia of the wild type and the 
other half with conidia from the lysineless strain. The respiratory carbon 
dioxide, trapped as barium carbonate, was sampled at intervals. After 
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24 hours the experiment was terminated and the mycelium of each series 
was collected, washed, and dried. 

As is seen from Table IV, no appreciable difference was found between 
the mutant and the wild type with respect to the C“ content in the collected 
barium carbonate originating from the labeled lysine of the medium. The 
isotope content of the mycelial material was also of the same order in the 
two strains. 


DISCUSSION 


The results of the cultivation experiments with labeled acetate as the 
source of carbon clearly show that the pattern of isotope incorporation in 
different fragments of amino acids from wild type Neurospora has not been 
greatly changed by the mutation that is blocking the pathway leading to 
lysine. A detailed analysis might perhaps reveal minor differences caused 
by the interference of accumulated precursor material in the lysineless 
mutant. However, with the exception that the protein-bound lysine is 
non-labeled, the total picture of the mutant with regard to isotope incor- 
poration in different amino acids is qualitatively the same as that of the wild 
type. 

One might expect from the above experiments that the ability of the 
mutant strain to incorporate exogenous lysine as such into protein should 
bring about marked differences with regard to the utilization of labeled 
lysine by the mutant compared to the wild type. However, the isotope 
content in the respiratory carbon dioxide and in the washed mycelium 
after termination of the experiments does not show any striking difference 
in the case of the two strains. This situation recalls the investigations of 
Abelson et al. (12) showing that an exogenous amino acid in the culture 
medium of EF. coli will suppress one or several steps in the reaction series 
leading to the same amino acid. From our experiments it seems that we 
are dealing with the same phenomenon in wild type Neurospora, supplied 
with exogenous lysine, which incorporates this amino acid into protein at 
the same rate the lysineless mutant does. Further experiments on Neuro- 
spora of the type outlined by Abelson et al. might reveal the nature of the 
interference caused by the administration of exogenous amino acids to the 
medium. 

Since the carboxy] of lysine in the wild type is clearly derived from the 
acetic acid carboxyl, it would be expected that the sequence of reactions 
leading to lysine and its precursors should be influenced by the availability 
of “active acetate” and C, fragments. For this reason a series of 50 ml. 
cultures, inoculated with 10° conidia per ml., was harvested at intervals and 
the dry weight of the mycelia determined. The medium in one series was 
supplied with acetate as the sole source of carbon, in the other with sucrose, 
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750 mg. per culture. In the acetate series 2.5 um of lysine per culture gave 
the same yield of mycelium with the wild type and the lysineless mutant; 
higher concentration than 5 um decreased the yield considerably in the 
mutant. In the sucrose series, however, the yield rose steadily with in- 
creasing amounts of lysine, both in the wild type series and the mutant 
series. Thus, for Neurospora on acetate medium, concentrations higher 
than 5 uM of lysine are inhibitory, in contrast to the situation in sucrose 
medium. 


SUMMARY 


1. Neurospora crassa has been cultivated on C“H;C“OONa and the iso- 
tope content of the respiratory carbon dioxide and of different carbon atoms 
of amino acids determined. The general labeling pattern corresponded 
closely to that of Torulopsis utilis, and, with the exception of lysine, to that 
of Escherichia coli. A comparison of the incorporation of C™ and C™ from 
the labeled acetate into amino acids of the wild type Neurospora and the 
lysineless strain 4545 did not show any marked ‘difference, except that 
lysine incorporated into the protein of the mutant originated wholly from 
the exogenous, non-labeled lysine present in the medium. Tartrate was 
not utilized for growth in the presence of acetate. 

2. The extent of catabolism and utilization of uniformly C'*-labeled ly- 
sine was of the same magnitude in the mutant and in the wild type, as 
determined from the C content of the mycelia and of the respiratory car- 
bon dioxide. 

3. With increasing amounts of exogenously supplied lysine the mutant 
strain cultivated on acetate medium reaches an optimal value with regard 
to yield of mycelial material; concentrations of lysine higher than 100 um 
per liter are inhibitory for both the mutant and the wild type. On sucrose 
medium a similar inhibitory effect is not observed. 


Our thanks are due to the Swedish State Scientific and Medical Councils, 
the Hierta-Retzius Foundation for Scientific Research, and the Kristiane 
and O. F. Hedstréms Memorial Fund for financial support of this work. 
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STUDIES ON METALLOFLAVOPROTEINS 
IlI. ALDEHYDE OXIDASE: A MOLYBDOFLAVOPROTEIN* 
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Gordon, Green, and Subrahmanyan (3) isolated from pig liver a highly 
purified flavoprotein which catalyzed the oxidation of aldehydes but was 
inactive on hypoxanthine or DPNH.' This specificity for aldehydes ruled 
out the possible identity of the. pig liver enzyme with xanthine oxidase, 
which is also active towards aldehydes. Recently we have been able to 
relate some of the properties of flavoproteins with atypical absorption 
spectra to the presence in these enzymes of a heavy metal (1, 4-6). Thus 
xanthine oxidase was identified as a molybdoflavoprotein and butyryl CoA 
dehydrogenase as a cuproflavoprotein. The present investigation deals 
with the evidence for the participation of molybdenum in the catalytic ac- 
tion of liver aldehyde oxidase. 


Materials and Methods 


The reagents used were obtained as follows: DPN (90 per cent pure) 
and cytochrome c from the Sigma Chemical Company; catalase from the 
Worthington Biochemical Company; EDTA and Versene EDG from the 
Bersworth Chemical Company; 2-methyl-5 ,8-dihydroxy-1 ,4-naphthoquin- 
one from Dr. Helmut Beinert; thenoyltrifluoroacetone from the Midcon- 
tinent Chemicals Corporation; and quinacrine from Winthrop-Stearns, 
Ine. 

The assay systems which were employed to determine the activity of the 
enzyme were based on (a) the reduction of 2,6-dichlorophenolindophenol 


* For Papers I and II see Mackler et al. (1) and Mahler and Elowe (2). 

+ Postdoctoral Trainee of the National Heart Institute, National Institutes of 
Health. 

' The following abbreviations will be used throughout this paper: DPN, diphos- 
phopyridine nucleotide; DPNH, reduced DPN; FAD, flavin adenine dinucleotide; 
FMN, riboflavin-5’-phosphate; CoA, coenzyme A; EDTA, ethylenediaminctetra- 
acetic acid; Versene EDG, N-hydroxyethyliminodiacetic acid; E, optical density 
= log I)/I; Tris, Tris(hydroxymethyl)aminomethane. 
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and (b) the reduction of ferricytochrome c, both measured spectrophoto- 
metrically. In the cytochrome c assay 0.40 ml. of 0.2 m phosphate buffer 
of pH 7.0, 0.1 ml. of 1 per cent aqueous cytochrome c, 0.01 ml. of 0.1 per 
cent catalase in 0.02 m KHCOs;, 0.02 ml. of 95 per cent ethanol, 0.02 ml. of 
enzyme solution, and when necessary 0.45 ml. of a 0.001 m molybdic tri- 
oxide solution are added to one cuvette while 0.45 ml. of buffer, 0.1 ml. of 
cytochrome c, and 0.45 ml. of a 0.001 mM molybdic trioxide solution are added 
to a second. 0.02 ml. of a 1.0 m solution of acetaldehyde (redistilled) js 
then added to both cuvettes and the change in optical density (AF 559) is 
determined every 15 seconds for 2 minutes. The L550 of the cuvette con- 
taining the full system is corrected for the absorption in the blank cuvette, 

In the indophenol assay 0.40 ml. of phosphate buffer of pH 7.0, 0.1 ml. 
of a 0.01 per cent solution of 2 ,6-dichlorophenolindophenol, 0.1 ml. of 0.1 
per cent catalase, 0.02 ml. of ethanol, 0.02 ml. of enzyme, and 0.45 ml. of 
distilled water are placed in a cuvette. The extinction at 600 my is deter- 
mined. Then 0.02 ml. of acetaldehyde is added, and the drop in optical 
density (—AF 0) is measured every 15 seconds for 2 minutes. Under the 
conditions of the two assays just outlined rates are zero order for several 
minutes and the zero order rates are proportional to enzyme concentration 
provided the AF per minute lies between 0.020 and 0.200. 

1 cytochrome unit of aldehyde oxidase is defined as the amount of en- 
zyme for which the initial A559 is 1.00 per minute. Specific activity is 
defined as units per mg. of protein. Similarly, 1 indophenol unit is defined 
as the amount of enzyme for which the —AL 00 is 1.00 per minute. Under 
the conditions described 1 cytochrome unit equals 0.4 indophenol unit. 

Protein was estimated by the biuret reaction (7). Molybdenum was 
determined as described by Green and Beinert (5). FAD was estimated 
spectrophotometrically in a reneutralized perchloric acid extract of the 
enzyme. The molecular extinction coefficient of FAD was taken to be 
11.3 X 10° cm. per mole (8). FAD was also determined in the p-amino 
acid apooxidase assay system (9). The pyridine hemochromogen of the 
alkali-denatured enzyme was prepared under the conditions described by 
Drabkin (10) and determined spectrophotometrically. Drabkin’s values 
for the extinction coefficients of iron protoporphyrin pyridine hemochro- 
mogen were used. Protoporphyrin dimethyl ester was isolated and identi- 
fied by the method of Grinstein (11). Non-porphyrin iron was estimated 
by the method of Mahler and Elowe (2) and hematin iron by Drabkin’s 
method (12). The nitroprusside and cytochrome c¢ assays for sulfhydryl 
groups were carried out as described previously (2). Acetyl phosphate 
and acetyl CoA were estimated by the method of Lipmann and Tuttle (13). 


2 It also equals 1.7 units as defined by Gordon et al. (3). 
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Preparation of Enzyme 


Steps 1 and 2 are identical with those described by Gordon et al., as is 
part of the alkaline ammonium sulfate fractionation (Step 3). An alterna- 
tive procedure is used subsequently. 

Step 3. Alkaline Ammonium Sulfate Fractionatton—The enzyme solution 
js mixed with 0.37 volume of a solution prepared by adding 6 ml. of con- 
centrated ammonium hydroxide (sp. gr. 0.880) to 94 ml. of saturated am- 
monium sulfate. The precipitate is removed by centrifugation and dis- 
carded. The supernatant fluid is then mixed with 0.22 volume of the 
alkaline ammonium sulfate solution, and the precipitate after centrifuga- 
tion is dissolved in sufficient water to give a protein concentration of 30 to 
40 mg. per ml. 

Step 4. Aging in Alkaline Ammonium Sulfate—The enzyme solution is 
mixed with 0.43 volume of the ammoniacal ammonium sulfate solution 
described above and allowed to stand at 0° for a period of several days. 
The precipitated material is removed occasionally by centrifugation. 
When no additional precipitation takes place in the course of one 24 hour 
period, a further addition of 0.168 volume of ammoniacal ammonium sul- 
fate is made, and the precipitate formed is collected and dissolved in a 
small volume of water. If the enzyme still contains impurities as shown 
both by low enzymatic activity and atypical absorption spectrum, the 
aging procedure is repeated. The aging period required will vary from 
preparation to preparation. Occasionally as much as 1 week will be neces- 
sary to remove all the contaminating material. Two ratios of optical 
density, viz. the E419: E459 and the Ego: E450 are useful guides throughout the 
purification and especially during the last step. The first ratio should be 
<2, and the latter is <10.5. The Hogo: E450 of our most active preparation 
was 7.5. 

The data for activity and recovery in a typical run are summarized in 


Table I. 


Properties of Enzyme 


Physical Properties of Enzyme—Two preparations at the stage of specific 
activity 4.5 were subjected to electrophoresis at two different pH values. 
The enzyme showed only a single maximum at pH 6.8 and 7.9. The peak 
spread more rapidly than could be accounted for by diffusion alone and the 
peak was somewhat unsymmetrical. Mobilities were calculated from the 
maximal gradient.’ 


*The following electrophoretic constants were found: pH 6.8, buffer sodium 
phosphate, ionic strength 0.085, mobility —1.7 X 10-5 cm.2 X V- X sec.~!, apparent 
heterogeneity (14) 0.7 X 10-§ em? X V~ X sec.; pH 7.9, buffer Tris acetate, 
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When a similar preparation was subjected to ultracentrifugation, several 
components, including a rapidly sedimenting one, were observed. The 
pellet obtained after ultracentrifugation* was drained as much as possible 
from the supernatant solution and redissolved in water. When the ab- 
sorption spectrum and the specific activity of (1) the original solution 
(before ultracentrifugation), (2) the dissolved pellet, and (3) the super- 
natant solution were compared they were found to be identical. It is 
therefore concluded that aldehyde oxidase can exist as one of several poly- 
mers with identical physical, chemical, and catalytic properties and with 
the same charge-mass ratios but differing in molecular weight. 

Absorption Spectrum—The spectrum of an enzyme of highest purity is 
shown in Fig. 1, A. The appearance is that of a completely atypical flavo- 
protein with maxima at 278 (not shown), 350, and 405 my and with shoul- 


TABLE I 
Summary of Purification Procedure 
Total Specific 
Fraction a. Total protein | es Paar a Recovery 
units units per mg. 
ml. mg. per on , 
Heat-treated extract 5600 | 
Lead precipitation and 1st 100 |6000-14,000| 2750 0.2-0.5 100 
(NH,).SO, fractionation 
Alkaline (NH,)2SO, fractiona- 20 | 1330 | 1600 12 58 
tion | 
Aging and final fractionation 10 178 800 4.5 29 


ders at 450, 530, and 630 my. The enzyme is rapidly reduced by alde- 
hydes and the spectrum of an enzyme treated in this manner shows no 
peaks at 350 my and no shoulder at 450 my. The peak at 405 may is low- 
ered, and peaks at 560 and 620 my appear. The difference spectrum is 
presented in Fig. 1, B. No additional change in absorption is observed 
when hydrosulfite is added to a preparation previously reduced by alde- 
hyde. This is in marked contrast to the situation observed with xanthine 
oxidase (1). 








ionic strength 0.10, mobility —2.4 X 10-'em.? X V~ X sec.~', apparent heterogeneity 
0.4 X 10-5 cm.2 X V~! X sec.-!. There is some evidence that the heterogeneity may 
be due, at least in part, to breakdown of the enzyme during the actual process of elec- 
trophoresis. The specific activity declined during this period, and there appeared to 
be a change of the mobility and an increase in the heterogeneity with time. 

4 In one experiment the rotor speed was 56,000 r.p.m. and the duration of the ex- 
periment was 50 minutes at 20° in the analytical ultracentrifuge of the Department 
of Chemistry. The second experiment was performed at 0°; the rotor speed was 
40,000 r.p.m. for 1 hour in the Spinco preparative ultracentrifuge. 





Bl 
acete 
tropl 
replo 
and 
been 
of m 
inhib 


20 


wiOr 


0.5F 





5 

Fig 
tracin 
tracin 
B, dif 
of Fig 


imme 
some 
addit 
of ox 
bie e 

Sp 
(15) ; 
meas 
zyme 
2,6-d 
tates 
far J 


veral 
The 
sible 
> ab- 
ution 
uper- 
It is 
poly- 
with 


ity is 
flavo- 
shoul- 


covery 


er cent 


100 
58 


29 


- alde- 
Ws no 
is low- 
rum is 
served 
y alde- 
nthine 





geneity 
ity may 
of elec- 
»ared to 


the ex- 
irtment 
ped was 








MAHLER, MACKLER, GREEN, AND BOCK 469 


Bleaching of Enzyme—The time-course of the reduction of the enzyme by 
acetaldehyde has been followed in a Beckman model DUR recording spec- 
trophotometer at two wave-lengths. A record of a typical run has been 
replotted in Fig. 2. There appear to be several distinct phases at 405 my, 
and decoloration at 450 mu commences only after the change at 405 mu has 
been completed. This pattern appears to be dependent on the presence 
of molybdenum. In the molybdenum-free enzyme (see below) or in one 
inhibited by cyanide (10-* m) the changes both at 405 and 450 my start 
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Fic. 1. A, absorption spectrum of aldehyde oxidase. Cary spectrophotometer 
tracing of a 1.12 per cent solution of electrophoretically homogeneous enzyme. The 
tracing marked ‘‘reduced”’ was obtained after the addition of 10 um of acetaldehyde. 
B, difference spectrum (oxidized minus reduced) of aldehyde oxidase. The data 
of Fig. 1, A were subtracted arithmetically and replotted. 


immediately upon addition of substrate and follow a parallel course. In 
some but not all preparations the original pattern can be restored by the 
addition of molybdic trioxide. The pattern is independent of the presence 
of oxygen. Essentially the same picture is observed under strictly anaero- 
bie conditions. 

Specificity of Substrate and Electron Acceptor—DPNH and cinchonidine 
(15) at optimal levels have less than 1 per cent the activity of aldehyde as 
measured by reduction of dye or cytochrome c. In the presence of the en- 
tyme aldehydes can be oxidized by molecular oxygen, methylene blue, 
2,6-dichlorophenolindophenol, or cytochrome c, all at approximately equal 
tates. Nitrate can function as an acceptor if oxygen is excluded, but is 
far less efficient. Quinones at the concentrations ordinarily employed 
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cannot be tested as electron acceptors, since they completely inhibit the 
enzyme. 


Nature of Prosthetic Group 


Nature of Flavin Component—The flavin nucleotide associated with alde- 
hyde oxidase has been identified as FAD by Gordon et al. (3). This con- 
clusion has been confirmed. The estimate of flavin based on the AF 450 on 
reduction with aldehyde (see Fig. 1) is in close agreement with that ob- 
tained spectrophotometrically or enzymatically in a perchloric acid extract 
of the enzyme. 
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TIME IN SECONDS 
Fia. 2. Time-course of reduction of enzyme by substrate. 1 um of acetaldehyde 
was added at zero time to two cuvettes, each containing a 0.25 per cent solution of 
the enzyme, and the changes taking place at the two wave-lengths indicated were 
followed at the times shown. 


Presence of Molybdenum—Our purest preparation contained 0.5 gm. 
atom of molybdenum per mole of flavin, and the molybdenum associated 
with the enzyme was found to increase continuously during the purification. 
Nevertheless this value is not to be taken as the actual metal content of 
the native enzyme, since it can be shown that molybdenum can be split 
from the enzyme under conditions approximating those actually employed 
during purification. All the molybdenum may be removed by dialysis 
first against 0.01 m ammonium hydroxide, followed by dialysis against 0.1 
m Tris buffer of pH 8.1. The spectrum of a molybdenum-free enzyme is 
identical with that of a metal-containing one. Thus molybdenum makes 
no contribution to the spectrum. 

Presence of Hematin Component—The absorption spectrum of a highly 
purified enzyme and the data of biphasic spectral changes accompanying 
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reduction of the enzyme suggest the presence of an additional component 
closely associated with flavin. The presence of the peak at 405 my taken 
together with the general spectroscopic pattern made it likely that the 
additional chromophoric component is a hematin. This conclusion was 
confirmed by the appearance of the spectrum in alkaline solution and by 
the fact that a pyridine hemochromogen could be prepared from the origi- 
nal enzyme (Fig. 3). The porphyrin component has been identified as 
protoporphyrin by isolation of the dimethyl ester, and the metal involved 
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Fic. 3. Absorption spectra of the hematin component. All curves were taken 
with a 0.75 per cent solution of enzyme in a Beckman model DU spectrophotometer; 
readings at every 2.5 my (not all points shown). Curve A, untreated enzyme; Curve 
C, enzyme in 0.1 m KOH, reduced by dithionite; Curve B, enzyme in a solution 0.1 
win KOH and 50 per cent (volume per volume) in pyridine, reduced by dithionite. 


has been characterized as iron. Pertinent analytical data for two prepara- 
tions at the highest purity level attained are summarized in Table IT. 
Although the hematin component just described is invariably associated 
with the enzyme, even at the highest purity level, is present in definite 
proportion to the other components of the prosthetic group, and appears 
capable of interaction with flavin nucleotide, it cannot be decided at the 
present time whether the hematin component is actually necessary for the 
primary catalytic function of the enzyme. Occasionally preparations of 


‘This hematin component is not identical with catalase, which is a persistent im- 
purity in most aldehyde oxidase preparations (3). The enzyme fraction described 
here had very low catalatic activity. Furthermore it is well known that catalase 
cannot be reduced by hydrosulfite, whereas the hematin component reported here is 
acted on by the reducing agent. 
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relatively high specific activity (approximately 2 in the cytochrome assay) 
have been found to contain only about one-fourth as much of the hematin 
component present (7.e., an enzyme showing 44 per cent of the highest 
activity contains 25 per cent of the usual hematin contribution; this con- 
stitutes the lowest activity-hematin ratio observed). 

Requirement for Molybdenum—The activity of aldehyde oxidase is not 
increased by the addition of molybdenum in the form of an aqueous solu- 
tion of molybdic trioxide when oxygen or dyes are used as electron accep- 
tor. However, the presence of molybdenum either bound to the enzyme or 
added externally is necessary for the interaction with cytochrome c as 


TaB_e II 
Components of Highly Purified Aldehyde Oxidase 


Component Preparation A Preparation B 

Rg 38425 eg Uaclh cdo ato Seas eek Bee 10.1 mg. per ml. | 7.4 mg. per ml. 
FAD (spectrophotometric)....... eer 3.7 X 10-5 m 2.7 X 10-5 

‘¢ (enzymatic)...... et iota iad ta See 3.5 X 10-5 * 2.5 X 10-5 * 
Protoporphyrin-pyridine-hemochromogen....| 1.5 X 10-5 “ Lax we 
Non-porphyrin iron*....... Namitha wakes 0.2 X 10-5 “ 
INN 5d xy osxicleacnw aoa aae » ateeicten iI x 
URE POON «ono. ee iene sires Re St 
‘‘Porphyrin-bound molybdenum’’*.......... 0.5% 367° * 
Sulfhydryl groups (by nitroprusside or indo- 

phenol reaction) 1p APO aa Roe 3.0 X 10-° mu 


* Determined on a preparation freed of molybdenum by dialysis against 0.01 m 
NH,OH for 16 hours, followed by dialysis against 0.1 m Tris, pH 8.1, for 24 hours. 
The flavin and hematin content remained unchanged under this treatment. 


electron acceptor. The requirement for added metal emerges with purifi- 
sation of the enzyme, becomes more pronounced on storage, and is absolute 
in the case of an enzyme which has lost the bulk of the metal in the course 
of dialysis against alkaline solutions. The molybdenum concentration- 
activity curves at various enzyme levels appear in Fig. 4. When these 
data are plotted by the reciprocal method of Lineweaver and Burk (16), 
the dissociation constant for molybdic trioxide can be determined to be of 
the order of 10-4 m (1). 

Ammonium or sodium molybdate at equal concentrations cannot sub- 
stitute for molybdic trioxide. Tungsten (as sodium tungstate) at a level 
of 0.1 um per ml. is approximately one-third as active as is molybdenum at 
the same level. All other metal ions tested, viz. ferric, cupric, manganous, 
zinc, vanadate, and uranyl, are completely ineffective. 

Requirement for Phosphate—The interaction of the substrate with oxygen 
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or indophenol as catalyzed by the enzyme proceeds equally well with or 
without added inorganic phosphate. However, the reduction of cyto- 
chrome c is stimulated in the presence of inorganic phosphate. The ac- 
tivity-phosphate concentration curve has the form shown in Fig. 5. Ar- 
senate at equal concentration has 50 per cent of the activity observed with 
phosphate, while silicate is as effective as phosphate. Vanadate is com- 
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Fic. 4. Molybdenum requirement at various enzyme concentrations. An enzyme 
dialyzed versus 0.01 m NH,OH was tested in the cytochrome c assay system described 
in the text at the various molybdenum concentrations and protein levels indicated. 
The rates refer to initial changes in optical density at 550 my, in 0.06 m phosphate 
buffer of pH 7.0. 

Fic. 5. Requirement of aldehyde oxidase for inorganic phosphate. 51 y of en- 
zyme were employed for each experiment in the standard cytochrome c assay system. 
The amount of phosphate added was varied as shown, and KHCO; of pH 7.0 was 
used to maintain the ionic strength at the same level in all experiments. The rates 
shown are initial changes in optical density at 550 my. 


pletely inert. Inorganic pyrophosphate is a competitive inhibitor for 
phosphate in a manner analogous to that described for xanthine oxidase 
(1). 

Action of Inhibitors—Aldehyde oxidase is sensitive to a large variety of 
inhibitors (see Table III). The inhibitors have been grouped into three 
classes and will be described separately. 

Sulfhydryl Inhibitors—The enzyme is completely inhibited by 1.0 « 10-° 
m p-chloromercuribenzoate and inhibited to the extent of 50 per cent at 
about 5 X 10-7 m regardless of the electron acceptor used. This inhibition 
is overcome only to a small extent by preincubation of the enzyme with 
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Arsenite inhibits 90 per cent at 1 X 10-° m and 50 per cent 
at 1 X 10-* m with cytochrome ¢ as electron acceptor. 


The enzyme can 


be protected against this inhibition by preincubation with the substrate, 


TaBLe III 


Effect of Inhibitors on Aldehyde Oxidase 


Inhibitor 


p-Chloromercuribenzoate 


Arsenite 


Iodoacetate 


Versene EDG 


8-Hydroxyquinoline 
o-Phenanthroline 
Thenoyltrifluoroacetone 
Citrate 

CN- 


Azide 


Concentration 
Cytochrome 
reduction 


—SH inhibitors 


M 

ix w- 100 
2X 10-° 85 
1 X 10° 80 
1 X 10-6 70* 
2X 107 5 
5 X 10-5 100 
3X 10-5 

1 X 10-5 90 
2X 10-° 80 
2 X 10% 29* 
ix wr 56 
5 X 107 30 
ix 92 
4X 10-4 69 
4x 10 5* 
2X 10 40 
ix 30 


Metal-binding agents 


10- 


1x 10-3 60 
1 x 10-3 68 
1 xX 10-3 Ot 
5 X 10-4 45 
5 X 10-4 45 
5 X 10-4 40 
1x 10-3 60 
2x 10-4 | 78 
2X 10-4 100t 
1X 10-3 100 
1 X 10-3 

1 X 10-4 90 
1X 10-5 79 
5x10 | 70 
2x 10-8 30 
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TaBLe [1I—Concluded 


Per cent inhibition of 


Inhibitor Concentration rs 


Cytochrome Indophenol — iijiee 
reduction reduction a a ica 


Flavin inhibitors 


M 
| 
Quinacrine 1 x 10-* 94 
1x wes 57 55 75 
Quinacrine| 1 X 10-5 40 
FAD 1 xX 10-* 
Rael’ 1 X 10-5 0 0 
FAD { 2.5 X 10-8 
Quinacrine| 1 xX 10-5 34 
FMN } 2.0 X 10-* 


All experiments involving cytochrome c or indophenol reduction were carried out 
as described in the text; the inhibitor in the concentration shown was added to the 
assay system. 80 y of an enzyme of specific activity 4.5 (cytochrome assay) was 
used in each experiment. This enzyme preparation still contained molybdenum 
sufficient to give appreciable reaction rates in the absence of any added metal. 

*The enzyme was preincubated with the substrate for 3 minutes; then the in- 
hibitor was added: The reaction was started by the addition of cytochrome c. 

t The system contained also 15 y of a solution of MoQs. 

t The enzyme was preincubated with the inhibitor for 10 minutes at 0°. 


With indophenol as acceptor arsenite inhibits 90 and 50 per cent, respec- 
tively, at 5 X 10-° m and 3 X 10-* M, but is ineffective at 2 K 10-° M. 
Ilodoacetate inhibits the reduction of cytochrome c 92 per cent at 10-* M 
and 50 per cent at 3 X 10~* M, but is completely ineffective as an inhibitor 
in the indophenol system. The inhibition of the enzyme can be prevented 
by pretreatment with substrate. 2-Methyl-5 ,8-dihydroxy-1 ,4-naphtho- 
quinone, described as one of the most efficient —SH inhibitors by Kuhn 
and Beinert (17), completely inhibits the reduction of cytochrome c at 
1.0 X 10-° M. 

Metal-Binding Agents—These inhibitors fall into two groups: those which 
do not inhibit dye reduction or oxygen uptake even after incubation with 
the enzyme, and those which inhibit cytochrome reduction immediately 
and dye reduction after preliminary incubation. All metal-chelating 
agents fall into the first group, while cyanide and azide belong to the sec- 
ond. The inhibition of enzymatic activity brought about by these agents 
can be overcome by the addition of molybdenum, even though the enzyme 
(in the absence of inhibitor) does not require addition of metal for the 
particular activity measured. If the effect of these inhibitors is studied in 
the presence of a split enzyme which requires the addition of molybdenum 
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to the test system, then no inhibition is observed. Cyanide and azide also 
exert a pronounced influence on the absorption spectrum of the enzyme, 
The spectrum of a cyanide-treated enzyme is shown in Fig. 6. 

Quinacrine—Quinacrine has previously been shown to be a competitive 
inhibitor for flavin nucleotide containing enzymes (18). It exerts an in- 
hibitory action on aldehyde oxidase regardless of the electron acceptor 
used. The inhibition can be overcome by FAD and, less effectively, by 
FMN. 

Implication of Sulfhydryl Groups—The dual circumstance of (1) a sulf- 
hydryl enzyme and (2) a requirement for inorganic phosphate during alde- 
hyde oxidation opened the possibility that acetyl phosphate or acetyl en- 
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Fic. 6. Absorption spectrum of enzyme-cyanide complex. Spectrum of a 0.5 
per cent solution of the enzyme used in Fig. 3, in 0.01 mM KCN, neutralized to pH 
7.0. The reduced spectrum was obtained after the addition of dithionite. 
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zyme was formed as a product of oxidation. The DPN-requiring bacterial 
aldehyde dehydrogenase catalyzes the conversion of acetaldehyde to acetyl 
CoA (19, 20), while triosephosphate dehydrogenase has been shown to 
catalyze the DPN-dependent oxidation of acetaldehyde to acetyl phos- 
phate, as well as several transacetylations which indicate acetyl enzyme as 
a probable intermediate (21). Many experiments have been carried out 
which have a bearing on acyl enzyme formation. No evidence for the 
accumulation of a material forming a hydroxamic acid with hydroxylamine 
under the appropriate conditions (13) has been obtained under a wide 
variety of experimental conditions. The enzyme does not catalyze the 
hydrolysis of acetyl phosphate. Such a hydrolysis, if rapid enough, would 
have been a possible explanation for the negative hydroxamic acid test. 
Furthermore the enzyme does not catalyze the arsenolysis of acetyl phos 
phate (22, 23), the hydrolysis or arsenolysis of acetyl CoA, the formation 
of acetyl CoA from acetyl phosphate or from acetaldehyde and coenzyme 
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Ain the presence of oxygen, and the formation of citrate in the presence of 
acetaldehyde, oxygen, condensing enzyme, and oxalacetate. The experi- 
ments mentioned above appear to rule out acetyl phosphate as a possible 
intermediate; similarly the bulk of the evidence might argue even against 
any possible implication of an acetyl-enzyme complex as one step in the 
reaction sequence (21, 24). Some reservations should be made, however: 
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JA IN my 
Fic. 7. Differential absorption spectrum in the ultraviolet region. The spec- 
trum marked ‘‘aldehyde oxidase’’ was obtained on 0.23 per cent solutions of the en- 
zyme in 0.01 m Tris buffer, pH. 7.0. Two different spectra, in the presence and the 
absence of 0.1 um of acetaldehyde, were taken and the values so obtained subtracted 
algebraically. The cuvette containing enzyme plus substrate was read against a 
blank containing substrate plus buffer. The millimolecular extinction coefficients 
were calculated on the assumption of one sulfhydryl group per enzyme molecule; 
thus‘on the basis of the —SH titration, which showed a concentration of 1.8 X 10-5 
am, the concentration of enzyme was assumed to be equal to this value. The spec- 
trum marked ‘‘glyceraldehyde dehydrogenase” is taken from the data of Harting 
and Chance (21). 


(1) transfer of acetyl groups from aldehyde oxidase to CoA may only occur 
in the presence of a special enzyme; (2) the steady state concentration of the 
acetyl enzyme may be so low as to prevent any formation of acethydrox- 
amic acid, even in the presence of a large excess of hydroxylamine. This 
would be entirely analogous to the situation with a-ketoglutarate, a-keto- 
glutaric dehydrogenase, DPN, and hydroxylamine. Although it is believed 
that an enzyme-lipoic-succinyl complex is formed, no succinhydroxamic 
acid is produced under these conditions. The possibility of a substrate- 


* Private communication from Dr. D. R. Sanadi. 
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S-enzyme or a product-S-enzyme compound being formed must also be left 
open in view of the following observations: (1) The enzyme is protected 
against the action of sulfhydryl inhibitors by preincubation with acetal. 
dehyde (Table III). (2) The number of sulfhydryl groups on the enzyme 
which can be titrated by nitroprusside, or cytochrome c, is reduced in the 
presence of acetaldehyde. In a representative experiment the concentra. 
tion of sulfhydryl groups was 3.0 X 10~-° m in the absence of substrate and 
0.5 X 10-° o in its presence. (3) Harting and Chance have adduced 
spectrophotometric evidence for the existence of a complex between acetal- 
dehyde and triosephosphate dehydrogenase (21). The results of a similar 
experiment for aldehyde oxidase are plotted in Fig. 7, and the difference 
spectra (EZ of enzyme + aldehyde minus E of enzyme) are compared in the 
two cases. The high negative values in the range 250 to 290 my in the 
case of the aldehyde oxidase probably reflect the changes in absorption of 
the isoalloxazine ring during the transition from the oxidized to the reduced 
form; this contribution is, of course, absent in the case of triosephosphate 
dehydrogenase. 

The evidence presented may be summarized by stating that an aldehyde- 
S-enzyme complex may be formed, but that there is so far no basis for 
postulating an acetyl-S-enzyme complex. The latter may have only an 
evanescent existence and may be immediately transformed into an acetyl- 
Mo-enzyme complex. The latter in turn might be broken down by way of 
a phosphate-Mo complex. 


DISCUSSION 


In general there is a marked similarity in the reaction pattern of alde- 
hyde oxidase and xanthine oxidase, both of which are molybdoflavopro- 
teins. The mode of binding of the metal, its function in the reduction of 
1 electron acceptors (cytochrome, ferricyanide, nitrate), the phosphate re- 
quirement for cytochrome c reduction are properties common to the two 
enzymes. 

Certain differences may be even more revealing. Only a part of the 
flavin of xanthine oxidase is rapidly reduced by aldehyde, while all the 
flavin present in aldehyde oxidase can be so reduced. The partial redue- 
tion of the flavin of xanthine oxidase was explained in terms of the low 
oxidation-reduction potential of the enzyme (of the order of —0.45 volt) 
which may be an expression of the operation of a FAD-Mo couple. The 
same couple must be operative in the case of aldehyde oxidase; yet all the 
flavin is reducible by aldehyde. Thus the potential of the enzyme must be 
high enough to make this complete reduction thermodynamically feasible. 
A hematin component has been implicated as being associated with alde- 
hyde oxidase. Possibly the higher potential of the enzyme is an expression 
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of the fact that the enzyme couple now includes a hematin component with 
arelatively positive potential. 

Additional evidence for this supposition may be adduced from inhibitor 
studies. Xanthine oxidase is quite inert to metal-binding agents, which 
may mean that the Mo-FAD system per se does not interact readily with 
inhibitors of this kind. On the other hand the FAD-Mo-hematin system 
may well be particularly sensitive to these interactions. 

Finally, sulfhydryl groups on the enzyme have been strongly implicated 
in the reaction catalyzed by the enzyme, while similar evidence in the case 
of xanthine oxidase is somewhat ambiguous.’ Aldehyde oxidase shows 
complete group specificity, whereas xanthine oxidase is active on a wide va- 
tiety of apparently unrelated substrates. The initial formation of a hemi- 
mercaptal (26) as the true substrate for the oxidation catalyzed by aldehyde 
oxidase is at least not inconsistent with the facts and may explain the 
specificity of the enzyme towards aldehydes. 


SUMMARY 


Aldehyde oxidase is a molybdoflavoprotein. The metal is required for 
interaction with cytochrome c, but not with dyes or O2. Molybdenum can 
be removed by dialysis of the enzyme against 0.01 mM ammonia. Full 
activity is restored by the addition of molybdic trioxide, but not of molyb- 
date. Tungstate can substitute for molybdic trioxide, but no other metal 
ion tested is active. The molybdenum-catalyzed reaction requires the 
presence of inorganic phosphate. Silicate and, to a lesser extent, arsenate 
can take the place of phosphate, while pyrophosphate inhibits competi- 
tively the action of phosphate. In addition to FAD and molybdenum, the 
purified enzyme has a hematin component associated with it. The enzyme 
is inhibited by sulfhydryl reagents, metal-binding agents, and quinacrine. 
Substrate protects against the first class of inhibitors, molybdenum over- 
comes the action of the second, and FAD the action of the third class. 
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